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Staphylococcus aureus is a notorious human pathogen associated with severe 
nosocomial and community-acquired infections.  In addition, S. aureus is a major cause 
of animal diseases including skeletal infections of poultry and bovine and ovine mastitis, 
which are a large economic burden on the broiler chicken and dairy farming industries. 
 
The population structure of S. aureus associated with humans has been well studied.  
However, despite the prevalence of S. aureus infections in broiler flocks, our 
understanding of the diversity of poultry S. aureus is very limited.  In this study, multi-
locus sequence typing was performed on 48 strains of S. aureus isolated from broiler 
chickens on farms in 6 countries on 4 different continents, in addition to 9 isolates from 
different species of reared game and wild birds in Scotland.  This was followed by fine 
scale population genetic analysis of a subset of strains by single nucleotide 
polymorphism discovery.  These studies reveal that the majority of S. aureus isolates 
from broiler chickens are the descendants of a single human-to-poultry host jump by a 
subtype of the worldwide human clonal complex 5 (CC5) clonal lineage unique to 
Poland.  In contrast to human subtypes of the CC5 radiation, which demonstrate strong 
geographic clustering, the poultry CC5 clade was distributed in different continents, 
consistent with wide dissemination via the global poultry industry distribution network. 
 
In order to establish the molecular basis for avian specificity in the CC5 poultry clade, 
whole genome sequences were determined for a sequence type 5 (ST5) poultry isolate 
from Ireland and a basal human associated ST5 MRSA strain from Poland.  Sequence 
analysis revealed that the poultry CC5 clade has undergone genetic diversification from 
its human progenitor strain by acquisition of novel mobile genetic elements from an 
avian-specific accessory gene pool, and by the inactivation of several proteins important 
for human disease pathogenesis.   
 
In order to examine the importance of positive selection in the adaptation of S. aureus to 
poultry and for S. aureus evolution, in general, genome-wide analysis of the ratio of 
synonymous to non-synonymous substitutions was performed on 30 strains from 
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humans and other animals, from diverse lineages.  Positive selection has affected 
proteins from the majority of functional categories, resulting in diversification of the 
proteome, metabolome and replication capacity, which may be associated with 
adaptation of S. aureus to diverse environments.  For several proteins, an elevated rate of 
non-synonymous substitutions unique to animal-associated lineages is consistent with a 
role for these proteins in host adaptation. 
 
Taken together, the results of this study have determined the evolutionary history of a 
major new animal pathogen that has undergone rapid avian host adaptation and 
intercontinental dissemination.  The data highlight the importance of gene acquisition 








1.1.  Staphylococcus aureus clinical significance 
Staphylococcus aureus is a Gram positive bacterium that infects humans and other 
animals (Table 1).  It is a commensal organism that colonises the skin and anterior nares 
of approximately 30 % of the population (Gorwitz et al., 2008), forming part of the 
resident microflora of many people.  It is also, however, an opportunistic pathogen that 
invades tissues and causes disease if the skin or mucous membrane are breached, 
particularly where host immunity is suppressed (Davidson & Boucher, 2009).  In 
humans, S. aureus is the most common cause of hospital-acquired infection and is 
estimated to result in clinical disease in approximately 2 % of all patient admissions 
(Emmerson et al., 1996, Jones, 2003).  Furthermore, the past two decades have seen the 
emergence of antibiotic-resistant strains in the community, which cause aggressive 
infections in young, otherwise healthy people (Okuma et al., 2002, Vandenesch et al., 
2003, for review see Zetola et al., 2005). 
  
Invasion of a human host can cause a range of clinical conditions, from minor skin and 
soft tissue infections (Dryden, 2009) to life-threatening bacteraemia (Corey, 2009), 
infective endocarditis (Fowler et al., 2005) and toxic shock syndrome (Fitzgerald et al., 
2001b, Shands et al., 1980, Todd et al., 1978).  However, S. aureus infection is not 
restricted to humans, and bacteria can invade commercially important animal species 
including ruminants, poultry, rabbits, horses and pigs (Table 1). 
 
Clinical presentation in animal species also varies, ranging from superficial impetigo in 
cattle (George et al., 2008) and dermatitis in goats (Matthews, 1999) to severe abscesses 
in major organs, clinical mastitis and pyaemia (Table 1).  Several conditions cause 
significant morbidity and mortality, resulting in substantial economic losses for the 
farming industry.  For example, bovine mastitis reduces milk volume and quality costing 
approximately £200 million annually (UK), with S. aureus identified as one of the most
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Table 1.  Clinical presentation of S. aureus infection in different host species.                 
 




Seybold et al., 2006 
Skin and soft tissue infection King et al., 2006 
Toxic shock syndrome 
Fitzgerald et al., 2001b 
Musser et al., 1990 
Cattle 
Mastitis Biggs, 2009 
Udder impetigo George et al., 2008 
Sheep 
Mastitis Watkins & Jones, 2007 
Tick pyaemia Quinn et al., 2002 
Benign folliculitis, impetigo, eczema McNeil, 2007 
Goat 
Mastitis Matthews, 1999 
Dermatitis, pustular dermatitis Matthews, 1999 
Poultry 
Septic arthritis Smyth & McNamee, 2008 
Subdermal abscesses (bumble foot) Smyth & McNamee, 2008 
Bacterial chondronecrosis with osteomyelitis 
(BCO) 
McNamee & Smyth, 2000 
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Host species Diseases associated with S. aureus infection References 
Rabbit 
Pododermatitis, subcutaneous abscesses and 
mastitis 
Hermans et al., 2003 
Septicaemia leading to abscess formation in 
lungs, liver and uterus 
Hermans et al., 2003 
Swine 
Botromycosis and impetigo of mammary 
glands 
Quinn et al., 2002 
Taylor, 1999 
van Belkum et al., 2008 
Horses Wound/bite and postoperative infections Leonard & Markey, 2008 
Companion 
animal 
Abscesses and infection of skin, eyes, ears, 
respiratory and genitourinary tracts and 
skeleton. 
Cox, 2006 




frequent causative organisms (Biggs, 2009).  In sheep and goats tick pyaemia is a major 
concern with up to 30 % of lambs affected each year (UK and Ireland), and infection can 
lead to septicaemia or abscess formation resulting in death (Quinn et al., 2002).  In 
regions where rabbit farming is widespread, a hyper-virulent clone of S. aureus has been 
identified.  Clinical presentation is generally superficial podomermatitis and 
subcutaneous abscesses, though these can lead to secondary septicaemia and abscess 
formation in the lungs, liver and uterus (Hermans et al., 2003).  Infertility and morbidity 
rates reach 65 % to 80 % in affected flocks, with mortality up to 35 % (Hermans et al., 
2003). 
1.1.1.  Infection of poultry 
Infectious diseases of chicken flocks are a major economic burden on the poultry 
industry.  In commercial broiler chickens, S. aureus infection can cause septic arthritis, 
septicaemia, subdermal abscesses (bumble foot) and gangrenous dermatitis (Smyth & 
McNamee, 2008; Fig. 1).  Notably, in the 1970s a new form of S. aureus infection of 
broiler poultry known as bacterial chondronecrosis with osteomylitis (BCO) was 
described (Nairn & Watson, 1972).  Infection causes lesions of the femur and tibiotarsus 
which render the bird lame, limiting its ability to access food and water and resulting in 
weight loss and death within a few days (McNamee & Smyth, 2000). 
 
Since it was first described, BCO has increased in frequency to become a leading cause 
of lameness in the broiler chicken industry (McNamee & Smyth, 2000, Nairn & Watson, 
1972).  In the 1960s and 70s lameness was predominantly associated with bone growth 
abnormalities, with arthritis and osteomyelitis appearing low down on a prioritised list of 
leg disorders (Ministry of Agriculture, Fisheries and Food, 1981).  By the 1990s this 
situation had changed and the majority of cases were caused by S. aureus infection 
(McNamee et al., 1998).  The reasons for the emergence and subsequent increase in 
incidence of BCO among chickens are not known. 
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Figure 1.  Staphylococcus aureus infection of broiler chickens.  (A)  Proximal end 
of the femur of a 28-day-old lame commercial broiler.  Bacterial infection constitutes 
region of yellow tissue extending from growth plate region (gp) to medullary cavity 
(mc) (reproduced with permission from McNamee & Smyth, 2000; 
http://www.informaworld.com). (B) Chronic granulomatous lesions of osteomyelitis in 
the proximal tibiotarsus of an infected chicken. Bacteria are densely packed in the 
centre of lesions, alongside degenerated inflammatory cells and tissue debris 







1.1.2.  Antibiotic resistance 
Antibiotic resistance has become a major obstacle to effective treatment of S. aureus 
infection.  The first methicillin-resistant S. aureus (MRSA) strains were identified in the 
1960s and are now prevalent across the US, Europe and Japan.  In the UK, the 
proportion of MRSA isolates causing S. aureus bacteraemia peaked at approximately 
45 % between 2001 and 2005, and elsewhere in Western and Southern Europe rates 
frequently exceed 25 % (Woodford & Livermore, 2009).  Prevalence is higher in the US, 
with MRSA constituting approximately 55 % of laboratory S. aureus isolates examined 
in 2008 (Farrell et al., 2009).  The highest rates were recorded in Japan in the 1990s with 
approximately 60 % of strains displaying resistance (Goto et al., 2009).  Furthermore, 
methicillin-resistant strains have been isolated from cats, dogs, pigs, horses, cows and 
poultry (for review see Leonard & Markey, 2008), demonstrating that resistance is not 
restricted to human isolates. 
  
The key mechanism for methicillin resistance in MRSA strains is the expression of 
penicillin-binding protein (PBP) 2a encoded on the mec mobile genetic element.  The 
PBPs are a family of proteins that catalyse cross-linking (transpeptidation) reactions in 
the peptidoglycan layer of the staphylococcal cell, and β-lactam antibiotics such as 
methicillin inhibit these proteins.  Though PBP2a has the structural motifs associated 
with penicillin binding found in other PBPs, β-lactam antibiotics do not bind effectively 
(Stapleton & Taylor 2002). Therefore, it is able to perform transpeptidation reactions in 
the presence of methicillin concentrations that would inhibit other PBPs.  In some  
S. aureus isolates PBP2a is expressed at a relatively low concentration, however 
mutations in regulatory genes can lead to higher expression if this provides a selective 
advantage (Stapleton & Taylor 2002). 
 
The first occurence of a clinical S. aureus isolate with reduced susceptibility to the 
antibiotic vancomycin was reported in Japan in 1997 (Hiramatsu, 1997), with further 
cases identified soon after in the US (Hageman et al., 2001, Khurshid et al., 2000, Rotun 
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et al., 1999).  In 2002 a strain with full resistance was identified (Chang et al., 2003).  
Such strains are referred to as vancomycin intermediate S. aureus (VISA) and 
vancomycin-resistant S. aureus (VRSA), respectively (Cosgrove et al., 2004).  VRSA 
strains remain very rare and the proportion of strains with intermediate resistance is 
much lower than for methicillin (typically <10 %; for review see Howden et al., 2010).  
However, there are some notable exceptions, such as a hospital in Turkey where the rate 
of  heterogeneous VISA strains increased from 1.6 % in 1998 to 32 % in 2001 (Sancak 
et al., 2005). 
 
Genome sequencing has led to considerable progress in understanding the molecular 
basis for resistant phenotypes, as a result of the comparison of genomes of antibiotic 
susceptible and resistant strains.  Regions of the accessory genome important for 
resistance have been identified, demonstrating the importance of plasticity in the S. 
aureus genome and its ability to evolve rapidly by horizontal acquisition of 
advantageous mobile genetic elements (MGEs) (Holden et al., 2004, Kuroda et al., 
2001).  Furthermore, point mutations in housekeeping genes have been associated with 
resistance to quinolones (Holden et al., 2010, Tanaka et al., 2000).  Specific nucleotide 
changes associated with resistance have also been pinpointed following scrutiny of 
sequential isolates taken at different time points throughout an infection (Mwangi et al., 
2007), or strains with differing levels of resistance (Neoh et al., 2008). 
1.2.  Virulence and pathogenesis of S. aureus 
S. aureus produces an array of proteins important for survival and pathogenesis, many of 
which have been directly linked to disease symptoms in the host.  These include secreted 
extracellular proteins and those attached to the cell surface, which are involved in the 
key stages of infection: attachment to host cells and extracellular matrices, evasion of 
the host immune system, and invasion of host cells and/or tissues. 
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1.2.1.  Attachment 
A prominent family of proteins that enable attachment of bacteria to extracellular matrix 
and plasma proteins, promoting colonisation and dissemination throughout the host, are 
the microbial surface components recognising adhesive matrix molecules or 
MSCRAMMS (Foster & Hook, 1998, Clarke & Foster, 2006).  The majority of 
MSCRAMMs are covalently attached to the cell wall peptidoglycan via the LPXTG 
motif at the C-terminus, adjacent hydrophobic residues and positively charged tail 
(Schneewind et al., 1993).  Comparative analysis of six S. aureus genomes suggests that 
this family contains 21 proteins (Roche et al., 2003), which between them facilitate 
adhesion to a wide range of ligands (for review see Clarke & Foster, 2006). 
 
For example, Staphylococcal protein A (SpA) is conventionally described as an 
immunoglobulin (Ig) G- and IgM-binding protein, but can also bind von Willebrand 
factor, a serum glycoprotein produced at sites of endothelial damage (Hartleib et al., 
2000), and TNFR1, a receptor for tumour necrosis factor A (Gomez et al., 2004).  Two 
fibronectin-binding proteins, FnbpA and FnbpB, have also been identified (Greene et al., 
1995), though FnbpA also binds fibrinogen (Wann et al., 2000) and both proteins bind 
elastin (Roche et al., 2004).  Finally, the Sdr family of MSCRAMMS, which have a 
characteristic Ser-Asp dipeptide repeat region and a conserved structure, include 
fibrinogen-binding proteins ClfA and ClfB (McDevitt et al., 1997, Ní Eidhin et al., 
1998). 
1.2.2.  Evasion of host defences 
Protection from the host immune system is achieved with a range of proteins that enable 
bacteria to inhibit neutrophil chemotaxis, kill leukocytes and resist phagocytosis, and 
confer protection against antimicrobial peptides and lysozyme (Foster, 2005).  Each of 
these contributes to the ability of S. aureus to invade many tissues and host species by 
overcoming innate and acquired immune responses.  Well-studied examples include 
capsule polysaccharides and SpA, both of which inhibit phagocytosis (Gemmell et al., 
1991, O'Riordan & Lee, 2004).  Extracellular enzymes are also produced, including 
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proteases, lipases and fatty acid modifying enzyme (FAME), which inactivate the 
compounds produced by the host with the intention of disrupting bacterial activity 
(Dubin, 2005, Mortensen et al., 1992, Kapral et al., 1992).  Exotoxins produced include 
superantigens, such as toxic shock syndrome toxin 1 (TSST-1), which stimulate non-
specific T-cell proliferation (Choi et al., 1989, Mourad et al., 1989), and cytolytic toxins 
which irreversibly damage the membranes of host cells (Foster, 2005).  For example, 
α toxin forms β-barrel pores in the cytoplasmic membrane of the target cell, promoting 
lysis of neutrophils that would otherwise engulf and destroy bacteria (Montoya & 
Gouaux, 2003).    
1.2.3. Invasion of host tissues 
Many of the proteins implicated in evasion of host defences are also critical for bacterial 
invasion as they damage host tissues.  For example, exfoliative toxins target a 
desmosomal glycoprotein responsible for maintaining cell-to-cell adhesion in the 
superficial epidermis, leading to the characteristic separation of the epidermal layers 
seen in scalded skin syndrome (Ladhani, 2003).  Similarly, hyaluronate lyase degrades 
mucopolysaccharide hyaluronic acid, a major component of human and animal 
connective tissue (Makris et al., 2004), and staphylokinase facilitates activation of 
plasminogen to plasmin, degrading fibrin clots and promoting host invasion (Collen, 
1998).   
1.2.4.  Regulation of virulence factors 
Few bacterial genes are expressed constitutively, particularly those of the accessory 
genome (Novick, 2006), and regulation of virulence factor production depends on a 
combination of environmental and genetic factors.  In S. aureus, a number of two 
component systems (TCSs) have been identified, each consisting of a transmembrane 
sensor and a transcription factor known as a response regulator, which are usually 
encoded on the same operon (Projan & Novick, 1997).  Using such systems, bacteria are 
able to respond to environmental cues such as pH, temperature, glucose concentration or 
 14 
cell density with expression of particular virulence factors, ensuring that they are only 
produced at the appropriate stage of infection (Projan & Novick, 1997).   
 
The best characterised TCS is the agr (accessory gene regulator) locus, which plays a 
role in the expression of numerous virulence factors (Fournier, 2008).  Others include 
sae (S. aureus exoprotein expression), arl (autolysis related locus) and srr 
(staphylococcal respiratory response) (Novick, 2006).  Though these TCS modules can 
affect target genes directly, they also interact with intermediary transcription factors 
(Novick, 2006).  Several have been characterised, including rot (repressor of toxins), sar 
(staphylococcal accessory regulator) A, sarR, sarS, sarT, sarU, sarV, tcaR (teicoplanin-
associated locus regulator) and rat (regulator of autolytic activity) (Novick, 2006). 
 
 
1.3.  Population genetics of S. aureus 
Population genetic analysis can provide insight into the evolutionary history of a 
pathogen, shedding light on important aspects of molecular evolution, niche adaptation, 
population divergence and the relationship between host and microbe (Maiden & Urwin, 
2006). 
1.3.1.  Phylogeny of the S. aureus species 
Phylogenetic population structure across the S. aureus species has been examined in 
many studies, and typing techniques vary depending on the degree of differentiation 
required.  Early work implemented biotyping systems, which group strains according to 
phenotypic characteristics (Devriese, 1984, Devriese & Oeding, 1976, Isigidi et al., 
1990).  Further discrimination was achieved with multi locus enzyme electrophoresis 
(MLEE), which provided evidence that isolates from cattle or sheep with mastitis and 
those from humans with toxic shock syndrome originated from distinct clonal groups 
(Musser et al., 1990).  Pulsed field gel electrophoresis (PFGE) has also been used to 
 15 
suggest clonal relatedness between different bacterial populations.  For example, isolates 
from hospitals throughout Poland cluster into two clonal groups when analysed using 
PFGE (Leski et al., 1998).  However, such techniques are less effective at determining 
evolutionary relatedness, and data generated in different laboratories are not readily 
comparable. 
 
As a successor to such techniques, single nucleotide polymorphism (SNP) analysis is 
highly discriminatory and now widely employed.  The phylogenies of at least 25 species, 
including Escherichia coli (Wirth et al., 2006), Haemophilus influenzae (Meats et al., 
2003) and Streptococcus pneumoniae (Zhou et al., 2000), have been reconstructed using 
SNPs in small numbers of genes, using a technique called multi-locus sequence typing 
(MLST).  Genes selected for MLST are housekeeping genes, thus nucleotide differences 
between two strains are thought to be the result of genetic drift and reflect evolutionary 
distance rather than differing selective pressures (Maiden et al., 1998).  Strains are 
assigned a sequence type (ST) number based upon the combination of alleles at seven 
loci, and closely related genotypes grouped into clusters known as clonal complexes 
(CCs).  An MLST system has been developed for S. aureus (Enright et al. 2000; Feil et 
al. 2003) and numerous studies reveal extensive diversity, with more than 1400 STs 
identified to date.  
 
Several investigations have provided evidence that the S. aureus species is highly clonal 
(Feil et al., 2003, Lindsay et al., 2006).  Point mutation is the primary mechanism of 
evolution of the core genome and homologous recombination has not had a major 
impact (Feil et al., 2003), in contrast to other bacterial species such as Helicobacter 
pylori and Listeria monocytogenes where recombination has played a pivotal role 
(Suerbaum et al., 1998, Orsi et al., 2008).  Studies of large collections of S. aureus 
isolates have identified several distinct CCs with a high degree of separation between 
each (Feil et al. 2003; Lindsay et al. 2006).  This has been attributed, at least in part, to 
the Sau1 type I restriction-modification system (Waldron & Lindsay, 2006), an 
important mechanism that limits the uptake of genetic information from an external 
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source.  The system comprises a modification enzyme that chemically modifies native 
DNA and a restriction enzyme that digests un-modified DNA.  The Sau1 genes are 
specific to each clonal group, and this is thought to moderate the frequency of 
recombination between lineages (Waldron & Lindsay, 2006). 
 
Some clonal lineages are responsible for disease in multiple geographical locations 
worldwide, though local frequencies vary significantly and some countries have a high 
proportion of unique CCs.  A major study of UK human isolates identified at least 11 
lineages, including the major clones CC1, CC5, CC8, CC30 and CC45 (Feil et al., 2003, 
Lindsay et al., 2006; Fig. 2).  Dutch and US isolates also belong to these lineages with  
CC30 and CC45 dominating (Melles et al., 2008; Fig. 2), though community-acquired 
MRSA isolates in the USA frequently belong to CC8 (Tenover et al., 2006; Fig. 2).  
Data from other continents are sparse, though several recent studies have begun to   
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Figure 2.  The S. aureus species has diverged into multiple distinct 
evolutionary lineages which are predominantly host-restricted, with some 
notable exceptions.  Phylogenetic tree constructed using concatenated 
sequences of seven housekeeping genes, as used in MLST system.  STs 
included in analysis represent major lineages of human associated strains in 
several countries worldwide (Farrell et al., 2009, Feil et al., 2003, Lindsay & 
Holden, 2006, Melles et al., 2008, Ruimy et al., 2009, Ruimy et al., 2008).  Also 
included are major clades associated with cattle (Hasman et al., 2010, Smith et 
al., 2005, Smyth et al., 2009, Sung et al., 2008), small ruminants (Smyth et al., 
2009, Sung et al., 2008), pigs (van Belkum et al., 2008, Van Den Broek et al., 
2009), horses, rabbits and poultry (Smyth et al., 2009). Coloured boxes indicate 
host association.  The percentage of replicate trees in which the associated taxa 
clustered together in the bootstrap test (500 replicates) is shown next to 
branches. 
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address this issue.  Strain collections from France, Algeria, Maldova and Cambodia all 
contain representatives of common worldwide clones but, in contrast to other locations, 
CC121 isolates constitute a large proportion of Cambodian strains and CC6 strains are 
commonly found in France, Algeria and Cambodia (Ruimy et al., 2009; Fig. 2).  Isolates 
from Mali also belong to the most prevalent lineages, though the frequency of ST152 
PVL-positive community-acquired strains is also high (Ruimy et al., 2008; Fig. 2).  
Finally, a Chinese strain collection differs from the global trend as it is dominated by 
strains of CC121, CC398, CC59 and CC182 (Fan et al., 2009; Fig. 2). 
 
Of note, MLST fails to distinguish between isolates of asymptomatic carriage and those 
of invasive disease (Feil et al., 2003, Lindsay et al., 2006), supporting the hypothesis 
that S. aureus is an opportunistic pathogen.  The same strains that colonise the skin and 
respiratory tract can invade other tissues should the opportunity arise.  This results in a 
paradoxical situation when considering bacterial adaptation and fitness of different 
strains with differing traits, as bacteria require genes for life as a commensal organism as 
well as those that enhance virulence in the disease state (Brown et al., 2006). 
 
Extending the principle of sequence-based typing to encompass many more genes, 
genome-wide SNP studies provide greater resolution within highly monomorphic taxa 
that display limited sequence diversity (Achtman, 2008).  Thus, phylogenetic 
reconstruction is possible within a single CC. 
 
Nubel et al. (2008) used such an approach to dissect CC5, a lineage responsible for 
hospital-acquired infection worldwide.  They performed SNP discovery followed by 
typing of a global collection of 135 isolates, revealing several important features of the 
CC5 lineage.  Firstly, subtypes within CC5 exhibit a high degree of geographical 
restriction suggesting that wide dispersal followed by fixation in a local population is a 
rare occurrence (Nubel et al., 2008).  Secondly, the staphylococcal cassette 
chromososme SCCmec responsible for antibiotic resistance has been imported into the 
CC5 group on at least 23 separate occasions (Nubel et al., 2008), indicating that MRSA 
 20 
is the result of frequent horizontal gene transfer (HGT) as opposed to expansion of a 
small number of resistant clones.  Several other studies have reached similar conclusions 
about MRSA (Enright et al., 2002, Fitzgerald et al., 2001b, Musser & Kapur, 1992), 
contradicting the previous hypothesis that a resistant strain originated only once and 
spread worldwide (Kreiswirth et al., 1993). 
 
In order to further investigate one of the CC5 sub-lineages, Nubel et al. recently utilised 
the same approach to investigate American and European strains of ST225, a single 
locus variant of ST5 (Nubel et al., 2010).  Reconstruction of its evolutionary history 
revealed an ancestral population in the US with relatively high nucleotide diversity, but 
a more homogeneous population in Central Europe (Nubel et al., 2010).  This indicates a 
recent founder event from the US bacterial population to Germany and subsequent 
expansion within European hospitals, beginning around 1995 (1991 to 1999) (Nubel et 
al., 2010). 
 
SNP studies may also employ high-throughput sequencing of multiple genomes to 
highlight genome-wide single nucleotide variation, as with investigation of the ST239 
lineage (Harris et al., 2010).  This study revealed that, as in the CC5 lineage, 
geographical restriction predominates but is interrupted by occasional intercontinental 
spread (Harris et al., 2010).  For example, ST239 strains caused two separate waves of 
healthcare-associated disease in Portugal, the first in the early 1990s and the second in 
1997.  Isolates from the second wave cluster with Brazilian isolates, suggesting that this 
outbreak resulted from the introduction of a South American strain to Portugal (Harris et 
al., 2010).  Though apparently rare, such founder events are a crucial component of 
strain emergence in a novel region. 
 
Harris et al. highlighted the need for global surveillance strategies that include such a 
high degree of discrimination between isolates, in order to detect the introduction of 
clones to a new location.  Furthermore, SNP typing studies such as those discussed here 
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can improve our understanding of the epidemiology of transmission, thereby increasing 
the effectiveness of intervention strategies in a particular setting (Harris et al., 2010). 
 
Importantly, population genetic analysis at any level may also tell us a great deal about 
the host.  Though such a study has not been performed in S. aureus, interesting findings 
have been generated with analysis of Helicobacter pylori.  As this species colonises the 
stomachs of half of the global human population and exhibits considerable genetic 
diversity, analysis of isolates can distinguish between closely related human groups 
more effectively than analysis of the human genome (Falush et al., 2003, Wirth et al., 
2004).  Studies revealed a population structure in Ladakh (India) consistent with known 
migration patterns (Wirth et al., 2004), and structure in Africa, Asia and Europe that 
reflects events such as the neolithic introduction of farming to Europe and the slave 
trade (Falush et al., 2003).  Furthermore, comparison of H. pylori with its feline 
associated relative H. acinonychis provided evidence for a host jump from humans to 
felines within the last 200,000 years (Eppinger et al., 2006). 
1.3.2.  Host specificity 
Population genetic studies of S. aureus populations have tended to focus on human 
associated strains, and until recently few have included large collections of animal 
isolates.  However, a phenotypic typing system describing distinct biotypes for strains 
from a human, poultry, bovine or ovine host has been in place for more than 25 years 
(Devriese, 1984, Isigidi et al., 1990).  In recent years, this approach has been superceded 
by molecular genetic approaches, revealing the existence of several host-adapted 
evolutionary lineages. 
 
For example, S. aureus infection of the bovine udder leading to mastitis is a major 
economic burden on the dairy farming industry (Biggs, 2009), which has prompted 
research into the phylogenetic origin of bovine strains.  As discussed above, strains 
isolated in a range of countries from milk or from the site of infection have been typed 
using MLEE, which suggested a separate clonal origin for human and bovine isolates 
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(Musser et al., 1990).  These also segregate by PFGE pulsotype (Zadoks et al., 2000), 
though in a separate study skin isolates from both species belonged to the same group 
suggesting transmission during milking (Zadoks et al., 2002).  More recently, MLST has 
been performed, sometimes combined with other techniques such as comparative 
genomic hybridisation using microarray (Monecke et al., 2007, Sung et al., 2008) or 
spA, sas and agr typing (Hasman et al., 2010, Smyth et al., 2009).  It has emerged that 
ST151, ST97, ST771 and CC50 are common bovine associated lineages (Hasman et al., 
2010, Smith et al., 2005, Smyth et al., 2009, Sung et al., 2008; Fig. 2).  Interestingly, 
ST151 demonstrates increased virulence and is hypersusceptible to the acquisition of 
vancomycin resistance genes from Enterococcus species (Guinane et al., 2008, Sung et 
al., 2008), indicating the emergence of a virulent subclone of S. aureus in cattle.  In 
addition, genome sequencing of an ST151 isolate (strain RF122) and whole genome 
microarray analysis revealed a set of molecular genetic features unique to bovine-
associated S. aureus, many of which are implicated in bovine mastitis pathogenesis 
(Herron-Olson et al., 2007).   
 
Mastitis is also a problem in other ruminant species, and analysis of isolates from ovine 
and caprine hosts reveals a similar pattern.  The majority of isolates are from non 
human-associated lineages, in this case ST771 and ST133 (Smyth et al., 2009, Sung et 
al., 2008; Fig. 2).  ST771 appears to be ruminant-specific as it is associated with cattle, 
sheep and goats (Sung et al., 2008).  ST133 is found in all ruminants but the vast 
majority of strains isolated from goats and sheep belong to this clonal group (Sung et al., 
2008, Guinane et al., 2010). 
 
Isolates from other animals, however, present a different scenario.  The CC398 MRSA 
lineage is frequently isolated as a commensal of pigs but also seems to be readily 
transmitted to humans in the pig farming environment (van Belkum et al., 2008, Van 
Den Broek et al., 2009); Fig. 2).  Typing of horse and poultry isolates suggests that 
CC398 strains may be transmitted to other livestock and companion animals (Persoons 
et al., 2009, Van den Eede et al., 2009, Walther et al., 2009).  Furthermore, a number of 
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horse, rabbit and chicken isolates have been found to be from lineages commonly 
associated with humans (CC8, CC121 and CC5, respectively) (Hasman et al., 2010, 
Moodley et al., 2006, Smyth et al., 2009, Walther et al., 2009).  Smyth et al. postulated 
that this may indicate a jump from animal to human or vice versa.  Transmission has 
also been documented between humans and companion animal species (Leonard & 
Markey, 2008, Moodley et al., 2006, Strommenger et al., 2006) but these may represent 
transient infections rather than the emergence of S. aureus strains adapted to dogs and 
cats. 
 
It is clear that further investigation is required to determine the extent to which cross-
species transmission of S. aureus strains occurs and whether this represents zoonoses or 
the emergence of strains which have adapted to a new host. 
1.4.  The S. aureus genome 
Whole genome sequencing has revolutionised the field of microbiology.  Analysis and 
comparison of complete genome sequences can reveal the molecular basis for 
phenotypic traits, and shed light on the processes driving bacterial evolution.  Such 
studies complement and build upon the results of population genetic analysis, revealing 
molecular changes associated with adaptation within a particular lineage, or to a 
particular niche. 
1.4.1.  S. aureus genome structure 
At the time of writing, the genome sequences of 30 strains of S. aureus have been 
published or released into the public domain and sequences are being completed at an 
ever increasing rate.   This wealth of data has been exploited in a number of comparative 
studies.  Sequenced S. aureus genomes range in size from 2,742,531 bp to 3,075,806 bp.  
The genome consists of one circular chromosome and up to 3 smaller circular plasmids.  
Approximately 2700 coding sequences are encoded depending on the strain, in addition 
to structural and regulatory RNAs, and the majority are annotated with a function though 
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many of these are putative based upon homology with known proteins or domains 
(Holden & Lindsay, 2008).  Encoded proteins fall into one of multiple functional 
categories depending on their involvement with growth, replication and survival of cells 
and interaction with the host (Fig. 3).  Cell envelope constituents comprise the greatest 
portion (20.3 % of total coding sequences), with transport/binding proteins (9.2 %) and 
MGE-associated genes (7.2 %) also prevalent. 
 
Genome structure is largely conserved and consists of a core genome, which displays 
high nucleotide identity between strains, interrupted by regions of difference of 
approximately 500 bp to 50 kbp in size (Fig. 4).  Bacterial genome sequencing projects 
traditionally divide the genome into core and accessory portions, but for S. aureus, 
Lindsay et al. (2006) further differentiated the accessory genome into MGE and a core-
variable region.  Core-variable genes display greater variation than core genes, but are 
typically stable and transferred vertically within particular clonal lineages (Lindsay et 
al., 2006). 
1.4.1.1.  The core genome 
Comparison of multiple S. aureus strains from different lineages by comparative 
genomic hybridiation studies revealed a core genome comprising approximately 77 % of 
the total number of open reading frames (ORFs) (Fitzgerald et al., 2001b, Lindsay et al., 
2006).  The core genome is highly conserved, with >95 % homology between 
orthologous pairs of genes in different strains (Lindsay et al., 2006).  Sequence 
divergence in core genes is due largely to point mutation (Feil et al., 2003), and 
examples of gradual adaptive change have been identified following comparison of 
sequential clinical isolates (Mwangi et al., 2007).  A total of 35 SNPs associated with 
evolution of antibiotic resistance were identified in S. aureus JH1 to JH9 strains, 
suggesting that a limited number of mutations can lead to important phenotypic changes 
in this species (Mwangi et al., 2007).  Homologous recombination may also lead to 
diversification of the core genome, though studies suggest that recombination is >15 fold 
less likely (Feil et al., 2003).
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Figure 3.  Coding sequences of the S. aureus genome encode proteins with 
roles in a variety of cellular processes.  Genes encoding proteins involved in 
production of cell envelope, transport/binding proteins and MGE comprise greatest 
proportions of the genome, relative to other individual functional categories.  Data 
from Holden & Lindsay (2008). 
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Figure 4. Structure of the S. aureus genome.  Genome sequence of S. aureus 
strain MRSA252 with results of comparative nucleotide BLAST analysis against 
genomes of different strains. Outer circle (circle 1) indicates core/core-variable 
regions (green) interrupted by MGE (red).  Circles 2 and 3 indicate CDS, 
structural and regulatory RNA and other genome features.  Circles 4 to 6 display 
BLAST results, with coloured regions indicating high homology (e-value cutoff 
0.1, identity >30 %) and white regions indicating no match. Circle 7 displays GC 
skew and inner circle displays size (kbp). 
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1.4.1.2.  The core-variable genome 
The core-variable region comprises approximately 10 % to 12 % of the S. aureus 
genome (Lindsay et al., 2006).  Some core-variable genes are present only in a subset of 
strains, commonly in accordance with CC (Lindsay et al., 2006).  Regions carrying from 
1 to 9 genes, including many that encode imporant virulence determinants, may be 
inserted or deleted.  Examples include the staphylococcal accessory regulator T gene 
sarT which regulates expression of virulence factors such as α-toxin (Schmidt et al., 
2001), and the staphylococcal anchored surface G gene sasG which promotes adherence 
to desquamated nasal epithelial cells and formation of biofilms (Corrigan et al., 2007). 
 
Alternatively, core-variable genes may be present in all strains but display substantial 
variation (Lindsay et al., 2006).  For example, FnbpA, an important virulence factor 
implicated in binding of host tissue components and foreign objects (Greene et al., 1995) 
and in aggregation of platelets (Heilmann et al., 2004), has a central region of 
approximately 145 bp which varies substantially between strains (Lindsay et al., 2006).  
In addition, different variants of the coa gene encoding coagulase, a secreted protein that 
converts fibrinogen to fibrin (McDevitt et al., 1992), have been identified in different 
CCs (Lindsay et al., 2006). 
1.4.1.3.  Mobile genetic elements 
MGE are an important component of the S. aureus genome and, as in many bacterial 
pathogens, often carry virulence or resistance determinants (Lindsay, 2008).  Their 
distribution and the function of MGE-encoded proteins are widely studied due to their 
association with disease symptoms. 
Bacteriophages 
Transduction by bacteriophage is an important component of S. aureus evolution and 
some groups of prophage, such as the β-converting phage family (van Wamel et al., 
2006), have been well studied due to their role in conferring an advantageous phenotype 
to the host strain.  Genome sequencing projects have revealed several prophage 
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sequences and many more have been identified independently (Iandolo et al., 2002, 
Kwan et al., 2005, Vybiral et al., 2003; see also http://www.ncbi.nlm.nih.gov/genome).  
Relatedness of different phage types has been assessed by DNA hybridisation, 
restriction endonuclease profiling and virion protein profiling (Iandolo et al., 2002, Lee 
& Stewart, 1985, Stewart et al., 1985) as well as, more recently, whole phage 
sequencing (Bae et al 2006, Goerke et al 2009, Kwan et al 2005).  Modern classification 
systems are commonly based on sequence variation across part of or the entire phage, 
and PCR typing systems have been developed based on sequence variation in the 
integrase and other genes (Goerke et al., 2009, Pantucek  et al., 2004). 
 
The majority of published S. aureus bacteriophages belong to the Siphoviridae family of 
temperate, tailed bacterial viruses (Goerke et al., 2009), also referred to as class II phage 
(Kwan et al., 2005).  Phage genomes are generally around 40 kbp in length and exhibit a 
mosaic structure, though there is typically a conserved arrangement of functional 
modules for lysogeny, DNA replication, regulation of transcription, packaging and head, 
and lysis (Fig. 5).  Other phage types identified in S. aureus include small (<20 kbp) 
class I phage as well as large (>125 kbp) class III phage which are members of the 
Myoviridae family (Kwan et al., 2005).  When a phage integrates into the chromosome it 
becomes a stable prophage and will replicate with the rest of the genome, being 
transferred vertically to daughter bacterial cells (McShan & Ferretti, 2007).  The 
prophage can be induced by stress-inducing factors such as ultraviolet light and some 
antibiotics, which cause it to excise and replicate as an independent unit (McShan & 
Ferretti, 2007).  Over time, the capacity to mobilise may be lost and all or part of the 
prophage sequence can become stably associated with the chromosome.  Recombination 
and other mechanisms of genome degradation can lead to loss of functional structural 
genes whilst retaining those with a function important for the bacterium. 
Staphylococcal pathogenicity islands (SaPIs) 
Staphylococcal pathogenicity islands (SaPIs) are MGEs of around 15 kbp to 17 kbp, 
often encoding virulence genes.  One or more SaPI has been found in almost all  
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Figure 5.  MGE of S. aureus exhibit conserved mosaic structure (A) Open reading frames of the pathogenicity Island 
SaPIbov1.  Coloured bars below SaPIbov1 indicate conserved structure of SaPIs.  (B) Open reading frames of prophage 
φNM1.  Coloured bars below φNM1 indicate conserved structure of the Siphoviridae temperate, tailed bacterial viruses 
most common in S. aureus. 
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S. aureus genomes sequenced to date, and several specific chromosomal integration sites 
have been identified.  Excision and replication is induced by a co-replicating phage, and 
the element is packaged into phage-like particles and transmitted at a very high 
frequency (Lindsay et al., 1998, Ruzin et al., 2001, Tormo et al., 2008, Úbeda et al., 
2005). The SaPIs, similar to many bacteriophage, have a mosaic structure but a 
conserved modular organisation (Fig. 5).  Each contains a site-specific integrase gene 
adjacent to two genes encoding putative transcriptional regulators (Subedi et al., 2007), 
a replication module comprising proteins with helicase and primase activity (Úbeda et 
al., 2007a) and a six gene encapsidation module (Úbeda et al., 2007b).  SaPIs also have 
three variable regions which often encode virulence factors (Subedi et al., 2007; Fig. 5) 
including superantigens such as the toxic shock syndrome toxin TSST-1, SelK and SelQ 
(Fitzgerald et al., 2001a, Úbeda et al., 2003, Yarwood et al., 2002), and the biofilm 
associated protein Bap (Cucarella et al., 2001). 
Plasmids 
Plasmids are circular DNA molecules that replicate independently of the main bacterial 
chromosome.  They are frequently transferred between cells, though this transfer system 
can be blocked in the laboratory using the Sau1 restriction modification system 
(Waldron & Lindsay, 2006).  The number of plasmids associated with a strain of S. 
aureus varies widely, and microarray studies often fail to detect plasmid genes, 
suggesting that substantial sequence variation exists (Lindsay, 2008).  Isolates may have 
multiple plasmids, varying in size from 3 kbp to 150 kbp, which often carry genes 
involved in resistance to antibiotics, antiseptics and heavy metals (Lindsay, 2008).  
There are three families, classified by size and ability to conjugate.  Class I are the 
smallest, usually less than 5 kbp, have a high copy number, and can carry one or two 
antibiotic resistance genes (Khan, 2005).  They are sometimes integrated into the 
chromosome.  Class II plasmids are larger, up to 40 kbp, and many confer resistance to 
β-lactams, heavy metals, antiseptics or aminoglycosides (Lindsay & Holden, 2006).  
Resistance genes are often part of transposons that have integrated into the plasmid.  
Class III plasmids are the largest (up to 60 kbp) and are the only conjugative plasmids 
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due to the presence of tra genes (Lindsay & Holden, 2006).  They are similar to Class II 
plasmids with respect to resistance genes carried. 
Staphylococcal cassette chromosomes (SCC) 
SCCs are integrated into the chromosome at the orfX gene, approximately 25 kbp from 
the origin of replication, and range in size from 3 kbp to 60 kbp (Ito et al., 2001).  
Several different SCC have been identified encoding genes for resistance to methicillin 
(SCCmec) (Ito et al., 1999, Katayama et al., 2000) or fusidic acid (Lannergard et al., 
2009), or those that confer a mucoid capsule type (Luong et al., 2002).  The mechanism 
of HGT between strains in unknown, though it has been suggested that the smaller 
elements (<45 kbp) transfer by localised transduction (Lindsay, 2008). 
Variable genomic regions 
vSaα and vSaβ are genomic islands identified in S. aureus which vary considerably 
between clonal lineages (Lindsay et al., 2006).  There is no evidence that these genomic 
islands are mobile and they do not typically contain genes involved in mobility 
(Lindsay, 2008).  vSaα encodes a cluster of superantigen-like proteins (ssl) and ten 
lipoproteins (Lindsay, 2008).  vSaβ encodes the egc cluster of superantigens, the bi 
component leukotoxin lukD and lukE, and the spl cluster of serine proteases (Lindsay, 
2008).  Both islands also encode HsdS and HsdM restriction modification proteins and 
putative transposases, which in some cases are frameshifted suggesting that they are no 
longer functional (Lindsay, 2008). 
Other MGE 
The S. aureus genome also contains transposons such as Tn554, which is integrated 
within the SCCmec and carries the ermA resistance gene (Ito et al., 1999, Katayama et 
al., 2000).  Transposons can also transfer from distinct species, such as the vanA 
transposon that originates with the enterococci (Clark et al., 2005).  Multiple copies of 
transposons may be identified, as they often integrate into the genome in a non-site 
specific manner.  Insertion sequences (IS) are transposons that only encode the 
transposase, and several types have also been identified in the S. aureus genome 
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(Lindsay, 2008).  Multiple copies of the same IS are commonly inserted into the genome 
at different locations, and may interrupt genes or integrate within promoter regions, 
affecting transcription and translation of proteins (Lindsay, 2008). 
1.4.2.  Evolution of the S. aureus genome  
Microbial evolution often involves adaptation to a variable or novel niche, and can lead 
to genetic divergence.  A niche may consist of a specific environment such as host taxon 
or tissue type, a particular mode of transmission or intermediate host, or a combination 
of several such variables (Maiden & Urwin, 2006, Stearns & Hoekstra, 2002).  Selection 
for an advantageous phenotype in a pathogen may result in increased virulence and 
pathogenicity, causing novel or more severe disease symptoms in the host.  Furthermore, 
new mechanisms for transmission or invasion of host tissue may lead to disease 
emergence in an entirely new demographic (Maiden & Urwin, 2006).  
 
Analysis of whole genome sequences from different strains can provide insight into the 
molecular evolutionary history of a species.  Change in genome structure and content 
can occur due to mutation of individual nucleotides, homologous recombination, 
slippage during replication, chromosome rearrangement events such as inversions, or 
HGT of mobile genetic elements (Lawrence, 2006, Vos, 2009). 
1.4.2.1.  Evolution of the accessory genome by HGT  
HGT is prevalent in many bacterial species, comprising a key component of the adaptive 
process as it introduces novel genes faster than may otherwise occur via mutation and/or 
rearrangement of the existing genome (Ochman et al., 2000).  For example, a highly 
mosaic genome structure in Pseudomonas aeruginosa allows different strains to 
specialise in very different environmental reservoirs (Mathee et al., 2008).  Strains 
effectively customise their genome with acquisition or loss of genomic segments 
depending on their niche (Mathee et al., 2008).    HGT contributes to evolution of the S. 
aureus genome, though the frequency of transfer and the nature of regions transferred 
varies considerably between lineages.  
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MGE can be considered ‘selfish’ in that they utilise the host cell to generate more copies 
of themselves. Accordingly, they frequently carry genes that provide a selective 
advantage so that they have a greater chance of being retained (Ochman et al., 2000).  
These genes may be important for virulence, niche specificity, resistance to antibiotics, 
regulation, or a particular metabolic pathway (Ochman et al., 2000).  A number of 
virulence and resistance determinants are found on phage, SaPI, plasmids and other 
MGE in S. aureus (Table 2). 
 
Comparison of the genomes of community-acquired and hospital-acquired MRSA 
strains revealed the effect that different selective pressures can have on HGT.  It is 
suggested that constant exposure to antiseptics and antibiotics in a hospital setting 
selects for rapid acquisition of MGE, whereas sporadic exposure in the  community 
selects for strains with a simpler, less cumbersome version of SCCmec (Baba et al., 
2002).  S. aureus has also been compared to other species of low-GC content Gram 
positive bacteria (Gill et al., 2005) and coagulase-negative staphylococci  (An Diep et 
al., 2006), revealing the importance of HGT between species for niche adaptation and 
evolution of pathogenicity. 
 
Selective pressure for an HGT event may be sufficiently great that transfer occurs from 
distant taxa, despite barriers that exist to minimise this.  A notable example is the 
transfer of Tn1546 carrying vanA from Enterococcus faecalis to S. aureus, conferring 
resistance to vancomycin (Chang et al., 2003, Weigel et al., 2003).  In the case of the 
first reported VRSA isolate, resistant strains of both species were isolated from a 
catheter tip, suggesting that transfer occurred in vivo (Chang et al., 2003, Weigel et al., 
2003).  Furthermore, the patient had been treated with vancomycin for several weeks 
due to recurrent MRSA infection (Chang et al., 2003), providing the selective pressure 
for acquisition of an MGE carrying resistance genes. 
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Table 2.  Mobile genetic elements (MGE) in S. aureus.  Examples of MGE, virulence genes and antibiotic resistance determinants encoded, and 
their role in pathogenesis. 
 
 
Mobile Genetic Element Virulence factors / resistance determinants Role in pathogenesis Refs 
Phage 
β-converting phage 
Immune Evasion Cluster: 
 Staphylokinase (sak) 
 Staphylococcal enterotoxin A (sea) 
 Staphylococcal enterotoxin P (sep) 
 Chemotaxis inhibitory protein of S. aureus (CHIPS) 
 Staphylococcal complement inhibitor (SCIN) 
Evasion of the human immune 
system. 
van Wamel et al., 
2006 
φSLT / φPVL 
Panton-Valentine Leukocidin 
    (lukS-PV and lukF-PV) 
Leukocytolysis and tissue necrosis. Narita et al., 2001 
φETA Exfoliative toxin A (eta) 
Dual toxin. Induces exfoliation by 
displaying serine protease activity. 
Displays superantigenic activity. 
Yamaguchi et al., 
2000 
Vath et al., 1997 
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Mobile Genetic Element Virulence factors / resistance determinants Role in pathogenesis Refs 
SaPI 
SaPIbov1 
 Toxic shock syndrome toxin (tst) 
 Staphylococcal enterotoxin L (sel) 
 Staphylococcal enterotoxin C (sec) 
Superantigens. Modulate host 
immune response, may contribute 
to evasion of host defences and 
bacterial  persistence. 
Fitzgerald et al., 
2001a 
SaPI3 
 Ear (sapi3_1 ear) 
 Staphylococcal enterotoxin K (sek) 
 Staphylococcal enterotoxin Q (seq) 
Ear: Putative β-lactamase activity. 
SEK/Q: Superantigens (see above). 
Yarwood et al., 2002 
SaPIbov2 
 Biofilm associated protein Bap (bap) 
     (on transposon-like elements integrated into SaPI) 
Enhances persistence in sheep 
intramammary and mouse 
infection models. 
Úbeda et al., 2003 
Cucarella et al., 2001 
Plasmid 
pT181  Teracycline resistance protein (tet) Tetracycline resistance. 
Gill et al., 2005 
Khan & Novick, 
1983 
pETB  Exfoliative toxin B 
Induces exfoliation by displaying 
serine protease activity. 
Yamaguchi et al., 
2001 
SCC SCCmec  Penicillin-binding protein 2' (mecA) Methicillin resistance. Katayama et al., 2000 
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Variation in restriction modification genes can also influence frequency of HGT.  In 
addition to the lineage-specific differences discussed above, evolution of a single clone  
can be shaped by features of its restriction modification system.  For example, strains of 
the bovine associated lineage ST151 have mutations in both copies of sau1hsdS and are 
hyper-susceptible to uptake of DNA from distant taxa by conjugation (Sung & Lindsay, 
2007).  In a model of vanA transfer, ST151 isolates were 500 times more likely to 
become recipients of the enterococcal DNA than human associated lineages (Sung & 
Lindsay, 2007).  Furthermore, analysis of the ST151 genome reveals extensive 
diversification, due in part to the acquisition of MGE encoding toxins not made by 
closely related strains (Guinane et al., 2008) 
1.4.2.2.  Genome evolution by gene loss 
Several studies have highlighted the importance of genome reduction in bacteria, 
previously assumed to contain relatively little ‘junk’ DNA in comparison to eukaryotic 
genomes (Liu et al., 2004).  Insertion or deletion of one or small number of bases can 
lead to a frameshift in a gene, or substitution can lead to a premature stop codon, both of 
which inactivate the gene forming a pseudogene (Lerat & Ochman, 2005).  In some 
cases, genes are disrupted by integration of an IS element, a process that appears to be 
more frequent in some species that others (Lerat & Ochman, 2005).  Pseudogenes can be 
identified by genome comparisons which detect ORFs that differ significantly in length 
to homologues in closely related strains or species. 
 
An analysis of 64 phylogenetically diverse prokaryote genomes identified approximately 
7,000 candidate pseudogenes, which accounts for 1 % to 5 % of all gene-like sequences 
(Liu et al., 2004).  The proportion of the genes found to be inactive varied greatly, with 
some species having considerably higher occurrence (Liu et al., 2004).  Interestingly, 
pseudogenes are more than twice as likely as genes to have anomalous codon usage 
associated with horizontal transfer.  This suggests that gene loss may be important for 
eliminating genes acquired by HGT, if they are deleterious or neutral with respect to 
host fitness.  A separate study also considered a range of species, but in this case some 
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were closely related and thus had broadly overlapping gene inventories (Lerat & 
Ochman, 2005).  Nonetheless, each genome revealed a largely unique set of 
pseudogenes, suggesting that they are formed and eliminated rapidly from most bacterial 
genomes (Lerat & Ochman, 2005).  Pseudogenes represent <3 % of the genome in S. 
aureus, a relatively low figure compared to some other bacterial species though not 
markedly different from the average (Lerat & Ochman, 2005, Liu et al., 2004). 
 
Whole genome sequencing projects have been performed for numerous bacterial species, 
and in several cases have highlighted a role for pseudogene formation in niche 
adaptation.  Fragmented genes are prevalent in strains of Helicobacter pylori and 
Salmonella enterica that have undergone a host switch, or changed from host 
promiscuity to infection of a single host species (Eppinger et al., 2006, Thomson et al., 
2008).  They are also common in lactic acid bacteria that have been restricted to a 
particular environmental niche by human intervention, such as for yoghurt production 
(van de Guchte et al., 2006).  Extreme examples of genomic erosion are found in 
obligate intracellular pathogens such as the insect symbiont Buchnera aphidicola 
(Moran et al., 2009) and human pathogen Mycobacteium leprae (Cole et al., 2001). 
1.4.2.3.  Genome evolution by positive selection 
Positive selection leading to fixation of a beneficial mutation is an important facet of 
microbial adaptation, and can play a key role in niche adaptation.  In recent years, 
phylogenetic methods have been applied to many taxa to identify genes under positive 
selection by comparing rates of non-synonymous versus synonymous mutation (dN/dS).   
A dN/dS ratio greater than one indicates that, for a given gene or gene fragment, most of 
the nucleotide changes will affect the amino acid sequence of the encoded protein.  This 
means that there is more likely to be a phenotypic effect, suggesting that positive 
selection has been acting upon the sequence to maintain these mutations as they derive 
some benefit (Maiden & Urwin, 2006).  Conversely, synonymous substitutions are 
assumed to have no effect on the fitness of the organism as they do not alter the protein. 
Therefore, if the rate of non-synonymous substitutions is comparable to that of 
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synonymous substitutions, the DNA sequence is evolving neutrally.  Finally, a dN/dS 
ratio below one indicates purifying selection, whereby non-synonymous substitutions 
are removed from the population in order to preserve the function of the protein.  
 
Early models for calculating dN/dS to infer positive selection were sensitive to 
heterogeneity across the genome with respect to rates of recombination, G+C content 
and codon usage (Hartl & Clark, 2007).  Improved models have been developed to 
account for such variation, most notably codon-substitution models that take into 
account all possible combinations of codons and track each codon separately (Nielsen & 
Yang, 1998), and models that allow for rate variation between lineages (Yang & 
Nielsen, 2002, Yang et al., 2005).  Such models estimate the parameter ω, defined as the 
relative rate of non-synonymous to synonymous substitutions (Hartl & Clark, 2007). 
 
dN/dS (or ω) analysis has been performed with several bacterial species on a genome-
wide scale, considering all genes rather than those whose significance has been 
recognised previously.  It is important to identify genes under positive selection, as this 
could lead to enhanced understanding of the mechanisms of bacterial adaptation and 
pathogenesis, and aid in the development of novel therapeutics.  Such a study has not 
been performed with S. aureus, but analyses of several other species have generated 
interesting results.  For example, a comparative study of E. coli and its close relative 
Shigella revealed positive selection acting across all lineages, affecting surface proteins 
such as beta barrel porins and, unexpectedly, transposons (Petersen et al., 2007).  It was 
suggested that selection acting upon transposons relates to genomic conflict between 
host bacteria and transposable elements (Petersen et al., 2007).  A separate study of E. 
coli searched for genes under selection in the uropathogenic lineage only, with the aim 
of identifying genes important for persistence and pathogenesis in the urinary tract 
environment (Chen et al., 2006a).  Genes identified encode proteins involved in cell 
surface structure, DNA metabolism, nutrient acquisition, and establishment of urinary 
tract infection (Chen et al., 2006a). 
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Rates of positive selection vary between different bacterial taxa, due to contrasting 
selective pressures and evolutionary history.  In Streptococcus, positive selection is 
observed in 11 % to 34 % of the core genome and has an important role in species 
differentiation and host adaptation.  However, it is a slow process and has had less of an 
impact on genome structure than recombination (Lefebure & Stanhope, 2007).  By 
contrast, 92.5 % of the nonrecombinant core genome of Campylobacter is under positive 
selection in at least one lineage (Lefebure & Stanhope, 2009).  This has been attributed 
to intensive interspecific competition for resources in the gastrointestinal tract inhabited 
by Campylobacter, resulting in a ‘Red Queen Hypothesis’ evolutionary scenario 
whereby each competing resident must contantly adapt in order to maintain its position 
within the ecosystem (Lefebure & Stanhope, 2009, van Valen, 1973). 
 
Variation has also been observed between different clades of Listeria that differ in 
breadth of environmental range.  Higher rates of both positive selection and 
recombination are observed in lineages with a broader niche range than in those that 
have become specialised (Orsi et al., 2008).  A comparison of S. enterica serotypes 
revealed similar patterns, in as much as branch specific positive selection contributes to 
the evolution of different lineages (Soyer et al., 2009).  Like the Listeria clades, lineages 
differ in their degree of host-restriction.  Such findings highlight the importance of 
positive selection in niche adaptation, including host specialisation. 
 
As many of these studies have shown, positive selection analysis can detect specific 
genes important for bacterial persistence or pathogenesis in a given niche, often 
encoding proteins at the interface between host and pathogen, or those essential for 
unique metabolic requirements (Chen et al., 2006b, Petersen et al., 2007).  Further 
analysis can be performed to highlight the residues targeted by positive selection, 
gaining insight into the role of particular regions in protein function.  Petersen et al. 
(2007) found that extracellular regions of cell surface proteins made by E. coli and 
Shigella flexneri show evidence for positive selection, presumed to be due to their role in 
interaction both with the host and with competing microbes.  
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Scrutiny of gene sequences for evidence of positive selection has revealed which genes 
are important to pathogens inhabiting a range of different niches, and shed light on how 
microbial proteins may interact with the host.  Furthermore, genome-wide analysis has 
revealed the relative contribution of positive selection to genome evolution in pathogens 
with differing lifestyles.  It is clear that such an approach provides a valuable tool for 
understanding the evolutionary history of a bacterial species, and may emphasise the 
importance of hitherto unknown genes in disease pathogenesis. 
 
Of note, Rocha et al. have demonstrated that the dN/dS ratio is not static but decreases 
over time due to gradual selective purging of slightly deleterious (nonsynonymous) 
mutations.  The trajectory of the slope of this decrease is governed by the strength of 
purifying selection, which in turn depends on the selective coefficient and also the 
effective population size (Ohta et al., 1973, Rocha et al., 2006).  This subject was further 
explored in a study of E.coli and Shigella genomes, in which the authors applied a time-
dependant approach to identify evidence for reduced purifying selection within the 
latter, compared with the former (Balbi et al., 2008).  They revealed that frequencies of 
various polymorphism types change in a predictable manner over time as certain types 
are preferentially eliminated over their counterparts, again at a rate determined, at least 
in part, by selective coefficient and effective population size (Balbi et al., 2008).  Taken 
together, this suggests that particular genomic changes (and thus altered dN/dS ratio) 
may be consistent with relaxed or inefficient selection owing to a reduced population 
size in a particular evolutionary  lineage.  This should be considered when interpreting 
the results of dN/dS analyses. 
1.4.2.3.1.  Methods for the identification of positive selection 
Phylogenetic Analysis by Maximum Likelihood (PAML) is a package of programmes 
that implement a wide variety of models to explore the evolutionary relationships 
between sequences at either the protein, codon or DNA level, using maximum 
likelihood.  PAML allows the user to discover more about the phylogenetic evolutionary 
model that has shaped a group of organisms, via analysis of a representative set of 
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sequences.  This is a widely used package, generally recognised as the gold standard for 
such studies. 
 
The two basic components of a phylogenetic evolutionary model are a phylogeny (a 
phylogenetic tree) and an evolutionary model (a model of how sequences evolve by 
substitutions and other events over time).  Phylogeny can be calculated using separate, 
dedicated software such as HyPhy (Pond et al., 2005) or Molecular Evolutionary 
Genetic Analysis (MEGA; Tamura et al., 2007), and specified in the input for PAML.  
PAML then performs analyses based upon rate matrices, which describe the rate at 
which one character (nucleotide, amino acid, or codon) is replaced by another. Each row 
of a rate matrix must equal zero, so the rate at which a character does not change is 
minus the sum of the rate at which it does change into another character.  The 
programme identifies the evolutionary model and substitution rate that maximises the 
likelihood of observing the input sequences, i.e. selects the model that best fits the data. 
 
This process can be used to perform several analyses, including estimation of 
nonsynonymous and synonymous mutation rates (dN and dS and dN/dS) performed by 
the codeml programme. This can be applied to test hypotheses about rates of evolution, 
including the presence of positive selection. 
1.5.  Human activity and pathogen evolution 
Human activity that alters the environment inhabited by a microbial pathogen, either 
directly or indirectly, can also have major consequences for pathogen evolution 
(Lebarbenchon et al., 2008).  Our actions can lead to the emergence of microorganisms 
with novel transmission mechanisms and phenotypic traits, as they adapt to exploit a 
novel niche.  Factors ranging from habitat disruption, pollution and climate change to 
agricultural practice and medical treatment strategies can have a profound effect on host-
microbe interactions (for review see Lebarbenchon et al., 2008).  For example, 
domestication of livestock, which began around 10,000 years ago, and the intensive 
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farming practices of the last century, have drastically altered ecosystem dynamics.  In 
addition, urbanisation and globalisation can have a major impact on pathogen evolution. 
1.5.1  The rise of agriculture 
For most of human evolutionary history, populations have existed as isolated hunter-
gatherer communities with limited contact between groups.  However, a transition from 
hunter-gatherer to sedentary settlements, which would eventually become the 
urbanisations of the modern world, was brought about by domestication of animals and 
plants to provide a more reliable and less labour-intensive food source.  This began 
around 10,000 years ago when wild animals were tamed and utilised for their meat, for 
other forms of produce such as hide or dairy products, or for manual labour (Clutton-
Brock, 1981, Diamond, 2002).  The new way of life resulted not only in higher 
population densities, but also co-habitation of humans and domesticated livestock.  This 
was accompanied by an increase in zoonotic and anthroponotic pathogens as humans 
and animals were in close, direct and prolonged contact (for review see Pearce-Duvet, 
2006).  Furthermore, the new host population structure allowed for microbes with 
altered transmission mechanisms and an increase in severity of host damage (i.e. disease 
symptoms), leading to the emergence of so-called crowd diseases. 
 
Before domestication, some species of wild animal would also reside in small, 
heterogeneous populations, forming part of a dynamic ecosystem in which long term 
evolution has shaped the balance between component species.  Such species are thus 
susceptible to infection by novel microbes when forced to live in large homogeneous 
groups for farming purposes.  Other species, however, naturally live in large social 
groups which can support crowd diseases (Clutton-Brock, 1981), and are in fact 
predicted to be the source of zoonoses that switch host and emerge as human pathogens 
(Fiennes, 1978, McNeill, 1989, Pearce-Duvet, 2006). 
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1.5.2.  The modern world 
In recent decades, prominent examples have come to the fore in which agricultural 
practices have imposed selective pressures leading to different mechanisms for 
microbial transmission and opportunities for emergence in a novel demographic.  
Notably, the bovine spongiform encephalopathy (BSE) epidemic of the 1990s was due 
largely to the use of meat and bone meal in cattle feed, and was compounded by a high 
sheep to cattle ratio in the UK farming industry (Nathanson et al., 1997).  In addition, 
during the foot and mouth disease epidemic of 2001, spread of the disease was enhanced 
by the long distance transport of livestock (Ferguson et al., 2001). 
 
Globalisation and the growth of international air travel have also had a major impact on 
pathogen transmission mechanisms. Modern human lifestyles present few barriers to 
microbes, and emerging pathogens are able to spread rapidly between countries.  
Intercontinental travel has been implicated in the spread of acute haemorrhagic 
conjunctivitis in the early 1980s (Kew et al., 1983) and 2000s (Dussart et al., 2005), of 
Neisseria meningitidis associated with the Hajj pilgrimage (Wilder-Smith & Memish, 
2003), and of the Severe Acute Respiratory Syndrome (SARS) virus in the 2002-2003 
outbreak (Knobler et al., 2004; Fig. 6). 
1.6.  Applications of molecular genetic analysis of 
pathogens 
In order to develop effective prevention strategies and therapeutics for infectious 
diseases, it is important to understand the evolutionary processes and molecular 
mechanisms that ultimately shape a virulent pathogen.  Knowledge of the epidemiology 
and population genetics of a microbe can greatly improve contingency plans, making 
society better prepared for major outbreaks when they occur.  In the case of SARS, a 
potentially devastating pandemic was successfully contained in less than 4 months, due 
primarily to an unprecedented level of international cooperation, and to planning based 
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on sound scientific knowledge (Knobler et al., 2004).  In another notable example, it is 
suggested that reconstruction of the global picture of annual strain emergence of 
influenza A virus (Rambaut et al., 2008, Russell et al., 2008) will enhance effective 
vaccine selection. 
 
Identification of biological processes, individual proteins and amino acid residues that 
play a crucial role in bacterial infection can lead to development of effective 
therapeutics.  Genome scale analysis can be used to identify potential targets for 
antimicrobial pharmaceuticals (Shen et al., 2010).   Furthermore, thorough 
understanding of the molecular basis of pathogenicity has been exploited to develop 
drugs that disrupt essential processes such as quorum-sensing (Hentzer et al., 2003),   














SARS cases 2002-03 
Figure 6.  Global air travel can enhance rapid spread of infectious disease agents. Severe Acute Respiratory Syndrome 
(SARS) originated in Guandong province, China. Virus spread to Hong Kong (green arrow) and from there to Singapore, Hanoi 
and Toronto (white arrows) with airline passengers. Cases were then identified across the globe. Colours indicate probable 
SARS cases with onset of illness from 1 November 2002 to 31 July 2003 (data published by the World Health Organisation at 
http://www.who.int/csr/sars/country/table2003_09_23/en/index.html). 
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mechanisms of persistence and adaptation in bacteria, an approach that could be used to 
reduce the likelihood of bacteria evolving resistance to new antibiotics (Smith & 
Romesberg, 2007).  Vaccine discovery also benefits from a deeper understanding of 
both molecular biology and population genetics.  A comparative genomic approach 
termed reverse vaccinology has proven successful for identifying candidate surface 
proteins, whilst avoiding problems of excessive variation between different strains and 
populations.  The technique has been applied to several species including Neisseria 
meningitidis B (Giuliani et al., 2006), group B Streptococcus (Maione et al., 2005) and 
S. aureus (Stranger-Jones et al., 2006) and will no doubt enhance our ability to prevent 
infectious diseases over the coming decades. 
1.7.  Aims of the study 
  To characterise the genetic diversity of the global population of poultry isolates 
of the major bacterial pathogen S. aureus. 
 
 To establish the phylogenetic relationships between S. aureus strains isolated 
from poultry and those from distinct avian species and other host taxa. 
 
 To determine the genomic basis for host specificity of poultry associated S. 
aureus, and to compare and contrast with that of strains from close or distantly 
related lineages. 
 
 To assess the frequency and importance of positive selection in evolution of the 





2. Materials and methods 
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2.1.  Bacterial growth conditions 
Bacteria were grown to stationary phase in tryptic soy broth (TSB) or brain and heart 
infusion (BHI) broth at 37 ºC for 16 h with shaking at 200 rpm. For exponential phase, 
200 µl of stationary phase culture was added to 40 ml fresh TSB and grown to an OD600 
value of 0.6.  For short term storage and isolation of individual colonies, culture was 
streaked out on tryptic soy agar (TSA) plates, incubated at 37 ºC overnight and stored at 
4 ºC.  Bacterial culture was stored long term as glycerol stock at -80 ºC. 
2.2.  Genomic DNA extraction 
DNA was isolated from 1 ml volume of stationary phase S. aureus TSB culture using the 
Edge Biosystems Bacterial Genomic DNA Purification Kit (Edge Biosystems, MD, 
USA) according to the manufacturers instructions with addition of lysostaphin (AMBI 
Products LLC, NY, USA) (5 mg ml
-1
) to the cell lysis step.  
2.3.  Polymerase Chain Reaction (PCR) 
PCR reactions were performed for detection of particular regions in a given strain, or to 
generate template for directed sequencing reactions.  Reactions were performed in a 
Biometra TGradient thermocycler.   
 
Standard PCR reactions were performed in 50 μl reaction volumes containing 
approximately 10 ng of genomic DNA, 200 nM of each primer, 1 U of GoTaq DNA 
polymerase (Invitrogen, Paisley, UK), 1 X PCR buffer, 1.5 mM MgCl2 (Promega, 
Hampshire, UK) and 0.2 mM deoxynucleoside triphosphates (Promega, Hampshire, 
UK).  Reaction conditions were 94 °C for 3 min, followed by 30 cycles of 94 °C for 0.5 
min to 1 min, 42 °C to 65 °C (depending upon primer annealing temperature) for 0.5 
min to 1 min and 72 °C for 1 min/kbp, followed by 72 °C for 5 min. 
 
PCR reactions requiring a high fidelity, long-range polymerase were performed in 50 μl 
reaction volumes, containing approximately 10 ng of genomic DNA, 45 μl Platinum 
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PCR Supermix (Invitrogen, Paisley, UK) and 200 nM of each primer.  Reaction 
conditions were 94 °C for 0.5 min to 2 min, followed by 25 to 35 cycles of 94 °C for 
0.25 min to 0.5 min, 55 °C for 0.25 to 0.5 min and 68 °C for 1 min per kbp.   
 
Alternatively, the 50 μl reaction volume contained approximately 10 ng of genomic 
DNA, 200 nM of each primer, 1 U of PFU Ultra II Fusion HS DNA Polymerase 
(Promega, Hampshire, UK), 1 X PCR buffer and 0.2 mM deoxynucleoside triphosphates 
(dNTPs) (Promega, Hampshire, UK).  For products <10 kbp reaction conditions were 94 
°C for 2 min, followed by 30 cycles of 94 °C for 20 s, 42 °C to 65°C (depending upon 
primer annealing temperature) for 20 sec and 72 °C for 15 s per kbp, followed by 72 °C 
for 3 min.  For products >10 kbp reaction conditions were 92 °C for 2 min followed by 
30 cycles of 92 °C for 10 s, 42 °C to 65 °C (depending upon primer annealing 
temperature) for 20 s and 68 °C for 30 s per kbp, followed by 68 °C for 5 min. 
 
Products were resolved by electrophoresis in a 1 % (w/v) agarose gel, and visualised 
using 0.003 % (w/v) Ethidium Bromide or 0.007 % (w/v) Gel Red (Biotium) stains with 
an ultraviolet transilluminator (MultiImage™ Light Cabinet, Alpha Innotech 
Corporation). 
2.4.  PCR product purification 
PCR products were precipitated using one of three methods. 
 
(i) QIAquick PCR Purification Kit (Qiagen), following supplied protocol. 
 
(ii) Polyethylene Glycol (PEG) / NaCl precipitation.   
Each 50 µl PCR reaction was incubated with 60 µl 20 % (w/v) PEG/2.5M NaCl for 
14 h at 4 ºC.  Products were pelleted by centrifugation at 2750 g for 1 h at 4 ºC, 
and supernatant removed by centrifugation inverted at 500 x g for 1 min.  Pellets 
were washed twice with ice-cold 70 % (w/v) ethanol, by centrifugation at 2750 x g 
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for 10 min followed by centrifugation inverted at 500 x g for 1 min.  Products were 
re-suspended in 50 µl dH2O.  
 
(iii) Exonuclease I-Antarctic Phosphatase (Exo-AP) digestion.  
In a 10 µl reaction, 4 µl PCR product was combined with 1 X Antarctic 
Phosphatase buffer (New England Biolabs), 100 U Exonuclease I (NEB) and 100 
U Antarctic Phosphatase (NEB).  Reaction was incubated at 37 ºC for 15 min, 80 
ºC for 15 min, and subsequently held at 15 ºC, using a Biometra TGradient or Bio-
Rad MyCycler thermocyling machine. 
2.5.  Directed DNA sequencing  
Directed sequencing was performed by The Gene Pool at the University of Edinburgh 
(http://genepool.bio.ed.ac.uk).  DNA sequence extension products were generated from 
purified PCR products using Applied Biosystems BigDye Terminator Cycle Sequencing 
protocol, and resolved by capillary electrophoresis with a 3730 instrument (Applied 
Biosystems).  Chromatograms were visualized and edited using Pregap4 and Gap4 
(Staden et al., 1998), Vector NTI (Invitrogen, Paisley, UK) or Geneious (Biomatters 
Ltd.) software packages. 
2.6.  Phylogenetic analysis 
Reconstruction of evolutionary relationships was carried out using the MEGA 4 package 
(Tamura et al., 2007).  Trees were constructed using the neighbor-joining method 
(Saitou & Nei, 1987) with bootstrapping consensus inferred from 500 replicates 
(Felsenstein, 1985).  Where applicable, the percentage of replicate trees in which the 





3. Population genetic analysis of 
avian associated S. aureus 
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3.1.  Introduction 
Population genetic analyses of S. aureus have revealed a great deal about diversity 
within the species.  Evolution of separate lineages has been largely clonal, with low rates 
of homologous recombination (Feil et al., 2003, Lindsay et al., 2006).  Geographic 
variation has been observed as some clades are responsible for disease across a broad 
area, whereas others have been identified in only a small number of locations (Fan et al., 
2009, Feil et al., 2003, Melles et al., 2008, Ruimy et al., 2009).  Further, population 
genetic studies have shed light on the evolutionary history of clinically important clones.  
It has been suggested that MRSA is the result of recurrent HGT of SCCmec into strains 
of multiple distinct clonal lineages as opposed to dissemination of a single MRSA clone 
(Enright et al., 2002, Fitzgerald et al., 2001b, Musser & Kapur, 1992), and that 
commensal and invasive isolates have the same clonal origins supporting the hypothesis 
that S. aureus is an opportunistic pathogen (Feil et al., 2003, Lindsay et al., 2006). 
 
However, studies have focussed primarily on human isolates, with most studies that 
consider animal strains including those of cattle or other ruminants.  Where other animal 
isolates have been analysed they represent a limited sub-set of the global population.  It 
is important that analysis of large collections of S. aureus isolates from all major 
livestock species is performed.  This may establish the existence of host-specific clones, 
further scrutiny of which could reveal unique genotypic and/or phenotypic 
characteristics, leading to enhanced understanding of the processes involved in bacterial 
evolution and niche adaptation.  Alternatively, studies may reveal host-promiscuity, a 
trait with important implications for potential zoonotic or anthroponotic transfer and 
pathogen emergence.  The aim of this study was to investigate S. aureus isolates from 




3.2.  Aims 
 To determine population structure of poultry associated strains of S. aureus isolated 
from broiler chickens on farms in several countries. 
 To ascertain the existence of population structure according to geographical location, 
as has been observed in human isolates. 
 To determine the phylogenetic relationship between S. aureus poultry isolates and 
those of other avian species. 
3.3.  Materials and methods 
3.3.1.  Strains analysed and bacterial growth conditions 
Phylogenetic analysis was performed on 48 isolates of S. aureus isolated from broiler 
chickens (Gallus gallus) on farms in 6 countries on 4 different continents (Table 3).  The 
strain collection comprised 11 isolates from Northern Ireland (UK), 2 from England 
(UK), 9 from Georgia (USA), 1 from Iowa (USA), 7 from Belgium, 5 from Australia, 8 
from Japan and 5 from Denmark.  Of these strains, 39 % were commensal isolates and 
58 % were clinical isolates (1 strain was of unknown clinical origin).  Strains from 
England were isolated prior to 1954 and other strains were obtained in the 1970s, 1990s 
or in the last decade. 
 
In addition, 9 isolates were analysed from different species of reared game and wild 
birds in Scotland (Table 3) including partridge (Perdix perdix), pheasant (Phasianus 
colchicus), a poultry layer (Gallus gallus; non-commercial farm), a turkey (Meleagris 
gallopavo) and a wild buzzard (Buteo buteo). 
 
3.3.2.  Multi Locus Sequence Typing (MLST) 
MLST was performed by PCR amplification and sequencing of internal fragments of 
seven housekeeping genes, arcc, aroe, glpF, gmk, pta, tpi and yqil.  Protocol was as 
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Table 3.  Origin and characteristics of Staphylococcus aureus strains examined in this study 
Strain * Host  (disease or characteristic) Geographic origin Isolation date Reference 
MLST (clonal 
complex) 
ED98 (ch1) Broiler Chicken (skeletal infection) N. Ireland (UK) 1996-97 Rodgers et al., 1999 5 (CC5) 
AV72 Broiler Chicken (skeletal infection) N. Ireland (UK) 1996-97 Rodgers et al., 1999 5 (CC5) 
AV4 (ch2) Broiler Chicken (skeletal infection) N. Ireland (UK) 1996-97 Rodgers et al., 1999 5 (CC5) 
AV24 (ch3) Broiler Chicken (skeletal infection) N. Ireland (UK) 1996-97 Rodgers et al., 1999 5 (CC5) 
AV35 Broiler Chicken (skeletal infection) N. Ireland (UK) 1996-97 Rodgers et al., 1999 5 (CC5) 
AV86 (ch17) Broiler Chicken (skeletal infection) N. Ireland (UK) 1996-97 Rodgers et al., 1999 692 (CC385) 
AV136 Broiler Chicken (skeletal infection) N. Ireland (UK) 1996-97 Rodgers et al., 1999 5 (CC5) 
AV38 Broiler Chicken (skeletal infection) N. Ireland (UK) 1996-97 Rodgers et al., 1999 5 (CC5) 
AV92 Broiler Chicken (skeletal infection) N. Ireland (UK) 1996-97 Rodgers et al., 1999 5 (CC5) 
AV70 Broiler Chicken (skeletal infection) N. Ireland (UK) 1996-97 Rodgers et al., 1999 5 (CC5) 
AV39 Broiler Chicken (skeletal infection) N. Ireland (UK) 1996-97 Rodgers et al., 1999 5 (CC5) 
9612 (ch16) Broiler Chicken (septicaemia/arthritis) England (UK) Pre 1954 Smith, 1954 692 (CC385) 
9715 Broiler Chicken (septicaemia/arthritis) England (UK) Pre 1954 Smith, 1954 8 (CC8) 
00-8661 Broiler Chicken (hock isolate) Georgia (USA) 1999 This study 5 (CC5) 
00-7439 (ch9) Broiler Chicken (hock isolate) Georgia (USA) 1999 This study 5 (CC5) 
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Strain * Host  (disease or characteristic) Geographic origin Isolation date Reference 
MLST (clonal 
complex) 
99-7184 Broiler Chicken Georgia (USA) 1999 This study 5 (CC5) 
00-9705 (ch8) Broiler Chicken (synovial fluid isolate) Georgia (USA) 1999 This study 5 (CC5) 
00-8078 Broiler Chicken (hock isolate) Georgia (USA) 1999 This study 5 (CC5) 
10009 (ch10) Broiler Chicken (sternal bursa isolate) Iowa (USA) 1999 This study 1342 (CC5) 
00-8954 Broiler Chicken (synovial fluid isolate) Georgia (USA) 1999 This study 5 (CC5) 
10217 
Broiler Chicken (purulent stifle/hock 
joints) 
Georgia (USA) 2000 This study 5 (CC5) 
00-9686 Broiler Chicken (stifle isolate) Georgia (USA) 1999 This study 5 (CC5) 
99-5281 Broiler Chicken (hock isolate) Georgia (USA) 1999 This study 5 (CC5) 
CIX2 (ch3) Broiler Chicken (commensal) Belgium 1976 This study 5 (CC5) 
CIX18 (ch15) Broiler Chicken (commensal) Belgium 1976 This study 385 (CC385) 
CIX38 (ch5) Broiler Chicken (commensal) Belgium 1976 This study 5 (CC5) 
CIX51 Broiler Chicken (commensal) Belgium 1976 This study 5 (CC5) 
CIX8 Broiler Chicken (commensal) Belgium 1976 This study 385 (CC385) 
CIX77 Broiler Chicken (commensal) Belgium 1976 This study 5 (CC5) 
CIX90 Broiler Chicken (commensal) Belgium 1976 This study 1343 (CC385) 
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Strain * Host  (disease or characteristic) Geographic origin Isolation Date Reference 
MLST (clonal 
complex) 
4P38 (ch14) Broiler Chicken (commensal) Australia 1995-97 Bertolatti et al., 2003 8 (CC8) 
6P061 (ch12) Broiler Chicken (commensal) Australia 1995-97 Bertolatti et al., 2003 1345 (CC1) 
7P79 Broiler Chicken (commensal) Australia 1995-97 Bertolatti et al., 2003 1345 (CC1) 
6P070 (ch11) Broiler Chicken (commensal) Australia 1995-97 Bertolatti et al., 2003 1345 (CC1) 
6P72 Broiler Chicken (commensal) Australia 1995-97 Bertolatti et al., 2003 1345 (CC1) 
CH69 (ch13) Broiler Chicken (commensal) Japan 1998 Takeuchi et al., 2002 1 (CC1) 
CH48 (ch19) Broiler Chicken (commensal) Japan 1998 Takeuchi et al., 2002 1027 
CH53 Broiler Chicken (commensal) Japan 1998 Takeuchi et al., 2002 1027 
CH62 (ch20) Broiler Chicken (commensal) Japan 1998 Takeuchi et al., 2002 1027 
CH77 (ch6) Broiler Chicken (commensal) Japan 1998 Takeuchi et al., 2002 5 (CC5) 
CH38 (ch7) Broiler Chicken (commensal) Japan 1998 Takeuchi et al., 2002 5 (CC5) 
CH43 Broiler Chicken (commensal) Japan 1998 Takeuchi et al., 2002 1350 (CC5) 
CH91 (ch18) 
Broiler Chicken 
(edematous & necrotic dermatitis) 
Japan 1967 Takeuchi et al., 2002 1344 (CC385) 
A8 Broiler Chicken (clinical isolate) Denmark 2006-07 This study 5 (CC5) 
C3 Broiler Chicken (clinical isolate) Denmark 1998 This study 5 (CC5) 
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Strain * Host  (disease or characteristic) Geographic origin Isolation date Reference 
MLST (clonal 
complex) 
C8 Broiler Chicken (clinical isolate) Denmark 1998 This study 5 (CC5) 
D1 Broiler Chicken (clinical isolate) Denmark 1998 This study 5 (CC5) 
D2 Broiler Chicken (clinical isolate) Denmark 1998 This study 5 (CC5) 
B600539 (ph2) Farmed pheasant (tenosynovitis) Scotland (UK) Unknown This study 692 (CC385) 
B305236/1 (pa3) 
Farmed partridge 
(liver, secondary infection) 
Scotland (UK) 2006 This study 692 (CC385) 
B306222 (bu1) 
Wild buzzard 
(carpals, secondary infection) 
Scotland (UK) 2008 This study 692 (CC385) 
B305487 (ch11) 
Backyard poultry layer 
(spleen, secondary infection) 
Scotland (UK) 2006 This study 692 (CC385) 
B34/96/1 (pa1) Farmed partridge (clinical isolate) Scotland (UK) 1996 This study 5 (CC5) 
B304223 (tu1) Farmed turkey (conjunctivitis) Scotland (UK) Unknown This study 5 (CC5) 
B95/97/1 (pa2) 
Farmed red-legged partridge 
(clinical isolate) 
Scotland (UK) 1997 This study 1346 (CC5) 
B600552 (ph1) Farmed pheasant (tenosynovitis) Scotland (UK) Unknown This study 1347 (CC385) 
B600535 Farmed pheasant (tenosynovitis) Scotland (UK) Unknown This study 15 (CC15) 
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Strain * Host  (disease or characteristic) Geographic origin Isolation date Reference 
MLST (clonal 
complex) 
PL72 (hu4) Human (hospital infection) Poland 1991 Leski et al., 1998 5 (CC5) 
MR1 (hu3) Human (wound isolate) Poland 1992 
Leski et al., 1998, 
Trzciński et al., 1997 
5 (CC5) 
N315 (hu1) Human (pharyngeal smear) Japan 1982 Kuroda et al., 2001 5 (CC5) 
Mu50 (hu2) Human (surgical wound infection) Japan 1997 Kuroda et al., 2001 5 (CC5) 
C126P (hu7) Human (blood isolate) England (UK) 1997 Enright et al., 2000 12 (CC12) 
MRSA252 (hu9) Human (blood isolate) England (UK) 1997 Enright et al., 2000 36 (CC30) 
H383 (hu8) Human (blood isolate) England (UK) 1997 Enright et al., 2000 22 (CC22) 
C434 (hu6) Human (blood isolate) England (UK) 1997 Enright et al., 2000 8 (CC8) 
MSSA476 (hu5) Human (blood isolate) England (UK) 1997 Enright et al., 2000 1 (CC1) 
D117 (hu10) Human (blood isolate) England (UK) 1997 Enright et al., 2000 30 (CC30) 
MSA2020 (hu11) Human (Scalded Skin Syndrome) France Unknown Fitzgerald et al., 2003 121 (CC121) 
951 (bo1) Bovine (mastitis) USA 1990 Sischo et al., 1993 126 (CC126) 
C123/5/005 (bo2) Bovine (milk isolate) UK 2003 Sung et al., 2008 151 (CC151) 
V329 (bo3) Bovine Spain Pre-2001 Cucarella et al., 2001 133 (CC133) 
RF103 (bo4) Bovine (clinical mastitis) Ireland 1993 Fitzgerald et al., 1997 71 (CC97) 
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Strain * Host  (disease or characteristic) Geographic origin Isolation date Reference 
MLST (clonal 
complex) 
891-1 (ov1) Ovine (milk isolate) Norway 1998-2004 Mork et al., 2005 133 (CC133) 
1 (ov2) Ovine (milk isolate) Denmark 1998-2004 Mork et al., 2005 9 slv (CC9) 
6659-2 (ov3) Ovine (milk isolate) Sweden 1998-2004 Mork et al., 2005 151 slv (CC151) 
ED133 (ov4) 
†
 Ovine (mastitis) France 1997 Ben Zakour et al., 2008 133 (CC133) 
VET-BZ30 (ov5) Ovine (subclinical mastitis) Brazil 1996/97 Aires-de-Sousa et al., 2007 750 (CC133) 
Newman Human UK 1950s Duthie & Lorenz, 1952 ST8 (CC8) 
Newman ΔspA Manipulated strain deficient in SpA N/A N/A Mempel et al., 1998 ST8 (CC8) 
 
Names in parentheses indicate host origin of strains selected for analysis of MGE distribution (Chapter 4) 
† 
Previously published with the strain name 1174 
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described previously (Enright et al., 2000), except for the tpi locus where alternative 
oligonucleotide primers were utilised (F, 5'-GCATTAGCAGATTTAGGCGTTA-3' and 
R, 5'-TGCACCTTCTAACAATTGTACGA-3') (Armand-Lefevre et al., 2005).  PCR 
purification, directed sequencing and in silico sequence analysis were performed as 
described in materials and methods.  An allelic profile was obtained for each strain by 
comparing sequence for the seven gene fragments with the database on the S. aureus 
MLST website (http://saureus.mlst.net). 
 
ST was determined by allelic profile, and each ST assigned to a CC following e-BURST 
analysis of all STs added to the online database (Feil et al., 2004).  Where an allele was 
found to be novel (i.e. not represented by any strains on the database), directed 
sequencing reads generated using both forward and reverse primers were submitted to 
database curators to obtain a unique allele number.  Where an allelic profile was found 
to be novel, details were submitted to obtain a unique ST. 
3.3.3.  Phylogenetic analysis 
Reconstruction of evolutionary relationships between avian isolates was performed as 
described in materials and methods.  Analysis was performed on the concatenated 
sequences of internal fragments of seven housekeeping genes, as utilised in the MLST 
method.  SNP discovery and SNP-based phylogenetic analysis of the ST5 radiation was 
performed by Ulrich Nubel and colleagues at the Robert Koch Institute, Germany, as 
previously described (Nubel et al., 2008). 
3.3.4.  Extraction of cell wall-associated proteins 
Cells from 1 ml volume of bacterial culture were harvested by centrifugation at 4000 
rpm for 8 min and washed once with PBS.  The pellet was re-suspended in lysis buffer 
(50 mM Tris/HCl, 20 mM MgCl2, pH 7.5, supplemented with 30 % (w/v) raffinose) and 
cells lysed by incubation with lysostaphin (AMBI products LLC, 200 µg ml
-1
) at 37 ºC 




 cell wet weight).  Protoplasts were pelleted by centrifugation at 6000 x g for 20 
min, and supernatant containing solubilised cell wall-associated proteins removed. 
3.3.5.  Sodium Dodecyl Sulphate Polyacrylamide Gel 
Electrophoresis (SDS-PAGE) 
Successful extraction of protein from cells was confirmed by SDS-PAGE.  Cell-wall 
associated protein samples were heated at 95 ºC for 5 min with equal volume of protein 
denaturing sample buffer (62.5 mM Tris-HCl p.H 6.8, 20 % (w/v) glycerol, 2 % (w/v) 
SDS, 5 % (w/v) mercapthoethanol).  Samples were loaded into wells of 12 % (w/v) 
polyacrylamide gel, with protein marker (Full Range Rainbow Molecular Weight 
Marker, Amersham Biosciences) in adjacent wells.  Electrophoresis was carried out at 
50 mA with Tris-glycine running buffer (25 mM Tris, 192 mM glycine, 0.1 % (w/v) 
SDS, pH 8.2) using a Hoefer SE600 PAGE unit, for 4 h.  Gels were stained with 
Coomassie Blue stain and destained with H2O to visualise protein bands. 
3.3.6.  Western immuno-blot analysis 
Samples were separated by SDS-PAGE and electro-transferred to nitrocellulose 
membrane (Amersham Hybond ECL) in BioRad transfer unit, with transfer buffer (25 
mM Tris-HCl pH 7.6, 192 mM glycine, 20 % (v/v) methanol) at 10 V overnight.  The 
membrane was incubated for 1 h with blocking buffer (8 % (w/v) ‘Marvel’ milk powder 
in PBS).  This was followed by 2 h incubation with affinity-purified chicken-anti-Protein 
A antibody (Gallus Immunotech) at 1:10,000 dilution, 3 x 20 min washes with washing 
buffer (0.05 % (v/v) Tween 20 and 1 % (w/v) ‘Marvel’ milk powder in PBS), 1 h 
incubation with horseradish peroxidase-conjugated affinity-purified goat anti-chicken 
IgY Fab fragment antibody at 1:5,000 dilution, and further 3 x 20 min washes with 
washing buffer.  Immunoreactive proteins were identified by enhanced 
chemiluminescent (ECL) detection, with radiographic film (Amersham Biosciences 
Hyperfilm ECL) developed in an X-Ray film processor (Optimax). 
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3.3.7.  PCR amplification, sequencing and bioinformatic 
analysis of the spA gene 
A 2 kbp region comprising the spA gene and 600 bp of intergenic sequence was 
amplified by PCR (for primer sequences see Table 4), purified, resolved by gel 
electrophoresis, sequenced by directed sequencing and analysed in silico, as described in 
the materials and methods section.  A unique pair of oligonucleotide primers was 
designed for amplification of the spA gene in AV86, due to sequence variation in the 
primer annealing site (Table 4).  Sequence reads were assembled into contigs and 
aligned using Vector NTI software (Invitrogen), and alignments analysed to identify 
SNPs or variation in number of repeats. 
3.4.  Results 
3.4.1.  The majority of S. aureus isolates from poultry belong to 
clonal complex 5 (CC5) 
In order to examine the population genetics of S. aureus strains infecting farmed broiler 
chickens, MLST was performed with 57 S. aureus isolates including 48 isolates from 
healthy and diseased poultry in eight countries on four continents isolated over the last  
54 years (Table 3).  Also included in the study were 9 isolates from different species of 
reared game and wild birds (Table 3). Remarkably, the majority of all avian isolates 
(n=35; 61 %) including 32 (67 %) from broiler chickens belonged to a single sequence 
type, ST5, or its single locus variants (ST1342, ST1346 and ST1350) including isolates 
from all countries examined except Australia (Fig. 7).  CC5 is a well characterised 
lineage of S. aureus, responsible for disease in humans worldwide (Nubel et al., 2008). 
 
Of the non-CC5 isolates identified, which included isolates from broiler chickens, reared 
bird species such as pheasant and partridge, and a wild buzzard, 11 (19 %) belonged to 
 63 
 
Table 4. Oligonucleotides designed for PCR amplification and sequence analysis of spA 
gene 
Name* Sequence (5’-3’) Reactions requiring primer 
spa-f TCTCTATTACGCAAGTGTGC PCR and sequencing 
spa-f2 CGAAATAGCGTGATTTTGCGG Sequencing 
spa-f3 CCCAAGCCAAAGCACTAATG Sequencing 
spa-f4 ATCTGGTGGCGTAACACCTG Sequencing 
spa-r ACAAAAGATGTTGCTCGTGC PCR and sequencing 
spa-r2 CATTAGTGCTTTGGCTTGGG Sequencing 
spa-r3 CATGTACTCCGTTGCCGTCT Sequencing 
spa-r4-b AGCAGTAGTGCCGTTTGCTT Sequencing 
spa-av86-f TTAAATATGCCTAACTTAAATGCTGA Sequencing 
spa-av86-r AGCAGTAGTGCCGTTTGCTT Sequencing 
* f, forward primer; r, reverse primer  
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CC385.  Phylogenetic analysis of concatenated MLST loci, from all avian isolates 
included in the study and representatives of prominent human and other animal lineages, 
demonstrates that CC385 is not closely related to CC5 (Fig. 8).  Furthermore, CC385 
strains have not been previously isolated from human or other mammalian hosts.  
 
Of the remaining 11 isolates, 4 from Australia belonged to a novel ST1345, 3 Japanese 
isolates were ST1027, 2 were ST8, and single isolates were ST1 and ST15.  Scrutiny of 
the MLST online database reveals that these lineages all contain strains of human origin, 
or are close relatives of human associated lineages. 
 
Seven novel MLST sequence types were identified in this study including ST1342, 
ST1343, ST1344 and ST1345 (poultry isolates), and ST1346, ST1347 and ST1350 
(other avian isolates).  Comparison with the MLST database revealed that ST1342, 
ST1346 and ST1350 are single locus variants of ST5, and that ST1343, ST1344 and 
ST1347 belong to CC385 (single, double or triple locus variants). 
3.4.2.  Human and poultry isolates of the CC5 lineage have 
different phenotypes  
A key phenotypic characteristic distinguishing poultry isolates from human isolates is 
that poultry strains do not produce the surface protein SpA (Isigidi et al., 1990).  In order 
to investigate the production of SpA by poultry isolates, cell wall-associated proteins 
were extracted from a subset of the poultry isolates (n=16), including 14 of the CC5 
lineage and 2 of CC385, at mid-exponential and at stationary phase of growth.  
Separation of cell wall associated proteins by SDS-PAGE was followed by Western blot 
analysis with SpA-specific IgG.  In addition, proteins were extracted from a human CC5 
strain (N315), a human CC8 isolate (Newman) and an isogenic mutant derivative strain 
deficient in SpA (Newman ΔspA). 
 
Poultry isolates of the CC5 lineage did not express detectable SpA at exponential or 
stationary phases, in contrast to CC5 human isolate N315 which expressed the protein at 
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Figure 7. The majority of poultry S. aureus isolates belong to the single, 
human associated lineage CC5.  Geographic distribution of poultry and other 
avian S. aureus Sequence Types (STs) identified in countries on 4 different 
continents. Pie chart diameter is proportional to the number of isolates from each 
location.  
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Figure 8.  The majority of poultry isolates fall into two unrelated lineages, 
CC5 and CC385.  Neighbour joining tree with bootstrapping consensus inferred 
from 500 replicates, constructed using concatenated sequences of S. aureus STs 
from birds (green branches), and representatives of the major clonal complexes of 
human and animal origin in the S. aureus species (black branches). The 2 major 
avian-associated clonal complexes, CC5 and CC385, are indicated in purple and 
pink, respectively. 
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both phases (Fig. 9).  Poultry isolates of the CC385 lineage express SpA at stationary 
phase but not at mid-exponential (Fig. 9). 
 
To ascertain the genetic basis for the observed variation in expression of a major surface 
protein in the CC5 lineage, the spA gene that encodes the protein was amplified by PCR 
and sequenced using a primer walking approach.  A SNP at position 655 (G-T
655
) was 
identified in all ST5 strains (Fig. 9) resulting in a premature stop codon.  The mutation 
occurs only 219 amino acids from the start codon, suggesting that no functional protein 
is produced. 
3.4.3.  The poultry ST5 clade is the result of a single human to 
poultry host jump.  
In a previous study, Nubel et al. (2008) performed a high resolution analysis of the 
phylogenetic structure of the human CC5 clonal radiation, by mutation discovery at 108 
loci (46 kbp).  This resulted in the identification of at least 14 distinct lineages within the 
CC5 group (Nubel et al., 2008).  Investigation of phenotypic differences between 
poultry and human strains of the CC5 clade suggests that the two groups of isolates may 
belong to distinct subgroups. 
 
Mutation discovery was performed at the same genetic loci among a representative 
selection of 19 poultry CC5 isolates and 29 novel bi-allelic polymorphisms (BiPs) were 
identified.  These polymorphisms, along with 156 informative BiPs previously identified 
among human CC5 isolates (Nubel et al., 2008), were used to construct a minimum 
spanning tree which included the 19 poultry isolates and 135 isolates of human origin  
(Fig. 10).  The phylogeny suggests that the poultry CC5 clade belongs to a single sub-






       Human                                               Poultry 
Figure 9.  Poultry S. aureus isolates of the CC5 lineage do not express the 
surface protein Staphylococcal Protein A (SpA). (A) Amplification by PCR 
and directed sequencing of the spA gene reveal a mutation at position 655 (G-
T655) in CC5 poultry strains, resulting in a premature stop codon. (B) Western 
immuno-blot of cell-wall associated proteins using antibodies against SpA. 
Proteins extracted at mid-exponential growth phase. 1, N315; 2, NewmanΔspA; 
3, Newman; 4, AV4; 5, AV18; 6, AV24; 7, AV35; 8, AV86; 9, AV72; 10, CIX2; 
11, CIX18; 12, CIX38; 13, CIX51; 14, 10009; 15, 007439; 16, 008078; 17, 
008661; 18, 009705; 19, 997184; 20, 335; 21, 495; 22, 499; 23, 634. 
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Figure 10.  The majority of poultry S. aureus isolates evolved by a single host jump from humans followed by 
wide dissemination.  Minimum spanning tree based on 185 bi-allelic polymorphisms in 19 representative poultry ST5 
isolates compared to 135 S. aureus ST5 human isolates of global origin analyzed in a previous study (Nubel et al., 
2008). Circle size is proportional to haplotype frequency and line length is proportional to the number of mutational 
steps between haplotypes. Coloured nodes indicate the geographical origin of the poultry isolates and closely-related 
human isolates from Poland (strains PL72 & MR1), and the node representing the human strain N315. For reference, 
the distance between the two polish human isolates (black circles) is one SNP.  Belgian strains (light blue circle) and 
strain ED98 (yellow circle to far right of figure) differ by six SNPs.  
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3.4.4.  The poultry CC5 clade has undergone rapid  
intercontinental dissemination. 
Following phylogenetic analysis of human CC5 isolates, Nubel et al. (2008) observed 
strong geographical segregation whereby sub-lineages were generally restricted to one 
area.  The distribution of the poultry ST5 clade across countries on 3 different continents 
strongly contrasts with the isolation of the basal human ST5 isolates to Poland (Fig. 10), 
indicating frequent intercontinental spread of the poultry strains. 
3.4.5.  Commensal isolates and invasive disease isolates co-
segregate 
The collection of S. aureus strains examined included both commensal isolates (22 % of 
ST5 strains) and those from invasive disease (75 %), but these did not segregate 
following SNP based population genetic analysis (Fig. 10) suggesting that broiler 
poultry infections are caused by resident commensal strains of S. aureus. 
3.5.  Discussion 
The majority of avian isolates (n= 35; 61 %) including 32 (67 %) from broiler chickens 
belonged to CC5 (Fig. 7).  This is one of the most successful human-associated lineages 
of S. aureus, characterised by its global distribution and the frequent emergence of 
methicillin-resistant strains (Nubel et al., 2008).  In this respect, poultry isolates contrast 
sharply with those from a bovine or ovine host which typically belong to host-specific 
lineages (Smyth et al., 2009).  This finding suggests that the CC5 lineage has switched 
host relatively recently, either from humans to poultry or in the opposite direction. 
 
Smyth et al. (2009) also made this observation following typing of a panel of animal 
isolates.  They found that isolates from both poultry and rabbit hosts belonged to 
lineages normally associated with humans, suggesting the possibility of cross-species 
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transfer.  However, their study considered only 12 poultry strains, all of which were 
from Northern Ireland. 
 
Phenotypic variation between human and poultry strains regarding SpA expression has 
been acknowledged for over 20 years, (Isigidi et al., 1990).  Results of the current study 
indicate that strains of the CC5 poultry clade do not express SpA due to a single 
mutation that renders the spA gene a pseudogene.  Of note, avian strains of the CC385 
lineage have an intact gene and express this protein in stationary phase, though 
concentration of SpA is markedly reduced compared to human CC5 and CC8 strains.  
The reduced expression level of SpA in CC385 may suggest a regulatory adaptation. 
 
SpA has multiple roles in the pathogenesis of human infections, including adherence to 
lung epithelium via the TNFR1 receptor (Gomez et al., 2006), binding to human 
platelets through its interaction with von Willebrand factor (Hartleib et al., 2000, 
O'Seaghdha et al., 2006), and inhibition of opsonophagocytosis resulting from non-
specific binding of the Fc region of IgG (Foster, 2005, Gemmell et al., 1991). Of note, 
the avian equivalent of human IgG is IgY, which has a structurally distinct Fc region 
that does not bind to SpA (Barkas & Watson, 1979, Warr et al., 1995), suggesting that 
SpA would not contribute to the inhibition of opsonophagocytosis in birds.  It is 
possible, therefore, that loss of the spA gene could be an adaptation to an avian host. 
 
In order to trace the evolutionary origin of the poultry-associated CC5 clade identified in 
this study, bi-allelic polymorphisms discovered in both human and poultry isolates were 
used to construct a minimum spanning tree.  This included 19 poultry isolates and 135 
isolates of human origin  (Fig. 10).  The tree indicates that the poultry CC5 clade 
belongs to a CC5 sub-lineage which includes human strains that were circulating in 
Poland in the 1990s (Fig. 10).  Importantly, examination of the distribution of SNPs 
within the lineage indicates that the Polish human isolates are basal to all isolates in the 
poultry ST5 clade (Fig. 10). 
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The great diversity of geographically isolated subtypes of the CC5 lineage colonising 
humans indicates a long term association of the CC5 lineage with its human host (Nubel 
et al., 2008) and strongly suggests that the common poultry S. aureus clade evolved as a 
result of a human-to-poultry host jump by a S. aureus strain originating in or near 
Poland.  This led to the emergence of a new strain with a tropism for birds. The 
alternative scenario of a poultry-to-human host jump could only be explained by 
multiple host species jumps including an initial jump from humans into an unknown 
non-human intermediate host species which occurred since the most recent common 
ancestor of the CC5 lineage.  This would be followed by a second jump into poultry, 
resulting in the poultry ST5 clade.  A final jump back into humans would be required 
leading to wide dissemination in Polish hospitals (Leski et al., 1998). 
  
In their study of human isolates, Nubel et al. (2008) previously found that CC5 sub-
lineages exhibit phylogeographic clustering, including many which are confined to 
single countries.  This indicates that intercontinental spread and fixation in local 
populations by human S. aureus is very rare. For example, the widespread clone 
represented by Polish human isolates MR1 and PL72, which was predominant in Polish 
hospitals in the 1990s (Leski et al., 1998), has not been identified anywhere else in the 
world.  Geographical restriction also predominates in the ST239 clonal lineage, a clade 
that accounts for a large proportion of healthcare-associated human infections 
throughout Asia and Eastern Europe (Harris et al., 2010).  Strains with the same 
geographic origin largely clustered together in a SNP-based phylogenetic tree, with 
separate clades for South America, Asia (Thailand and China) and Greece, among others 
(Harris et al., 2010). 
 
The distribution of the poultry CC5 clade in countries on 3 different continents strongly 
contrasts with this (Fig. 10), indicating that frequent intercontinental spread has been a 
prevalent process, shaping the current population of chicken-associated S. aureus.  This 
finding is consistent with the globalised nature of the poultry industry, whereby a very 
small number of breeder companies distribute large numbers of live broiler chickens via 
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a global distribution network.  Interestingly, CC5 isolates were identified in all countries 
examined except for Australia (Fig. 7).  This could be attributed to the country’s 
stringent restrictions regarding the import and export of livestock.  Until the 1990s 
poultry imports were banned entirely, and quarantine restrictions are now very 
restrictive (see http://www.daff.gov.au/). 
 
Of the non-CC5 isolates identified, which included isolates from broiler chickens as well 
as reared and wild bird species, 11 (19 %) belonged to CC385 (Fig. 7).  This lineage is 
not related to the CC5 group (Fig. 8) and has not been previously identified among 
human or mammalian strains. The lack of association of CC385 with other host species 
and its wide distribution among an array of avian species in different countries (Fig. 8, 
Table 3) suggests that this lineage has a long-term avian host association, and may 
possess traits advantageous for infection of this host taxon. 
 
Of the remaining 11 isolates, 4 from Australia belonged to a novel ST1345, 3 Japanese 
isolates were ST1027, 2 were of ST8, and single isolates were of ST1 and ST15 (Fig. 7).  
All of these STs are related or identical to those previously identified among human S. 
aureus isolates.  It is possible, therefore, that they represent other independent 
occurrences of a human to poultry host switch or vice versa. 
 
The collection of S. aureus strains examined included both commensal isolates and those 
from invasive disease, but phylogenetic analysis did not distinguish between the two 
groups (Fig. 10).  This provides support for the hypothesis that S. aureus is an 
opportunistic pathogen which colonises the skin, nasal epithelium or equivalent site, but 
has the potential to invade deeper tissue and cause disease, consistent with the findings 
of previous studies of human isolates (Feil et al., 2003, Lindsay et al., 2006).  In humans 
the opportunity for bacterial invasion can arise due to invasive medical procedures such 
as catheter insertion, surgery, or a weakened immune system due to other conditions 
(Anderson & Kaye, 2009, Davidson & Boucher, 2009, Yanagi & Sheretz, 2009).  In 
poultry, intensive farming practices often include very high population densities, limited 
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environmental stimuli and a lack of individual attention to identify injury.  It is possible 
that such conditions increase the likelihood of the epidermis being breached.  
Furthermore, any host predisposition for susceptibility to invasion will be present in 
most individuals of the genetically homogeneous broiler chicken population, which has 
been subject to selective breeding over many years. Alternatively, the CC5 poultry clade 
may possess genes that confer a phenotype particularly adept in invasion of a poultry 
host, and of the leg tissue in particular.  Of note, a previous study reported that the ST5 
clonal complex is associated with increased frequency of haematogenous infections of 
humans, including osteomyelitis (Fowler et al., 2007), consistent with the largely 
skeletal tropism of infections caused by the poultry ST5 clade.  Such factors may explain 
the observed increase in prevalence of BCO, a condition that has become a leading cause 
of lameness in the broiler chicken industry (McNamee & Smyth, 2000). 
 
In conclusion, this study reveals that the majority of S. aureus isolates from broiler 
chickens are the descendants of a single human-to-poultry host jump by a subtype of the 
worldwide human CC5 clonal lineage unique to Poland.  In contrast to human subtypes 
of the CC5 radiation, which demonstrate strong geographic clustering, the poultry CC5 
clade was distributed in different continents consistent with wide dissemination via the 
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4.1.  Introduction 
Phylogenetic analysis of a collection of poultry isolates from 6 countries on 4 continents 
revealed that the majority are part of the CC5 lineage usually associated with humans 
(Chapter 3).  They form a poultry-specific clade, though two Polish human associated 
MRSA strains fall into the same sublineage, with phylogenetic analysis suggesting that 
they are basal to the poultry group.  These data suggest that the poultry clade is the result 
of a single human-to-poultry host jump.  Further analysis of genotypic and phenotypic 
variation between the two host associated clades of the CC5 group is required in order to 
elucidate the molecular basis for the poultry host tropism.   
 
Genome sequencing and comparative analysis have had a profound impact on the field 
of microbiology, revealing a great deal about the evolutionary history of microbial 
pathogens.  The aim of this investigation was to utilise next generation sequencing 
techniques to determine whole genome sequences for two CC5 S. aureus isolates, 
poultry isolate ED98 and Polish human isolate MR1. 
 
Direct comparison of the two strains was performed in order to identify changes 
associated with adaptation to a novel poultry niche.  Furthermore, comparison with 
sequences deposited in the NCBI Genbank database, including a number of S. aureus 
genomes, facilitated identification of unique genomic regions or alleles resulting from 
genetic drift or natural selection. 
4.2.  Aims 
To determine the underlying genomic basis for adaptation to an avian host by the CC5 
poultry clade, following a human-to-poultry host jump: 
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 To sequence the genome of S. aureus strain ED98, a representative of the CC5 
poultry clade. 
 To sequence the genome of S. aureus strain MR1, a human MRSA isolate basal 
to the CC5 poultry clade. 
 To perform comparative genomic analysis of ED98 with MR1, and with other 
published S. aureus sequences, in order to identify novel regions and/or alleles 
associated with a particular host. 
4.3.  Materials and methods 
4.3.1.  Genome sequencing 
Massively parallel 454 pyrosequencing of poultry strain ED98 was carried out by 454 
LifeSciences (www.454.com) with a GS20 sequencer followed by initial assembly using 
the Newbler program (Roche, Sussex, UK).  The order and orientation of assembled 
contigs was determined by scaffolding against the published genome sequence of the 
human ST5 strain N315 (GenBank BA000018).  Primers specific for sequence gap 
edges were designed using Projector 2 (van Hijum et al., 2005) and used for PCR 
amplification with Platinum PCR Supermix (Invitrogen, Paisley, UK) or PFU Ultra II 
Fusion HS DNA Polymerase (Promega, Hampshire, UK) in a Biometra TGradient, 
followed by directed sequencing of PCR products by primer walking.  Regions 
containing duplicated sequences or internal repeats were amplified by PCR and cloned 
into the pSC-A-amp/kan or pSC-B-amp/kan vectors using the StrataClone PCR cloning 
kit or Blunt PCR cloning kit, respectively (Agilent Technologies, West Lothian, UK).  
Directed sequencing was then performed using specific primers and a plasmid DNA 
template, facilitating longer sequencing reads for spanning repeat regions. 
 
Sequence reads and flanking pair of contigs were first assembled individually using 
Vector NTI contig express software (Invitrogen) or the Phred/Phrap/Consed package 
(Ewing et al., 1998, Gordon, 2004), to ensure that assembly produced a fragment of the 
same size as the amplified PCR product.  Finally, whole genome assembly of contigs 
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(generated from shotgun sequence reads) and directed sequencing reads was performed 
using the Phred/Phrap/Consed package (Ewing et al., 1998, Gordon, 2004). 
 
Genome sequencing of S. aureus strain MR1 was performed with an Illumina Solexa 
Genome Analyzer (www.illumina.com) at The Gene Pool sequencing facility 
(University of Edinburgh).  Raw sequence reads were aligned against the ED98 genome 
using MAQ (http://maq.sourceforge.net) to identify SNPs.  Sequences failing to map to 
the ED98 reference were assembled into contigs using Velvet (Zerbino & Birney, 2008).  
For the purposes of submission to the NCBI database, reads were also assembled into 
contigs de novo in a separate procedure.  This was performed using Velvet (Zerbino & 
Birney, 2008). 
4.3.2.  Genome annotation and comparative analysis 
Where nucleotide sequence of poultry strain ED98 exhibited >85 % homology to human 
strain COL, gene annotation was duplicated from the published annotation of COL using 
GATU software (Tcherepanov et al., 2006).  The remaining genes were annotated using 
the J. Craig Venter Institute (JCVI; http://www.jcvi.org) automated pipeline annotation 
which includes Glimmer, BLAST Extend Repraze (BER) alignments, alignments with 
experimentally characterized genes, HMM matching, and searches for biologically 
significant patterns with PROSITE.  Data were then manually curated in Manatee 
(http://manatee.sourceforge.net) and Artemis (Rutherford et al., 2000).  Complementary 
annotation data were provided by the SEED (Overbeek et al., 2005) and the RAST 
annotation server (Aziz et al., 2008), and start sites were curated for all genes.  Further 
analysis of several individual genes of interest was performed using BLAST 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and interpro scan (Zdobnov & Apweiler, 2001).  
Pairwise comparisons between ED98 and published genomes were performed using the 
Artemis Comparison Tool (Carver et al., 2005).   
 
Gene content of strain MR1 was examined using BLAST 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi), dot matrix alignments and the Artemis 
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Comparison Tool (Carver et al., 2005).  Prophages were classified as described 
previously based on conservation of nucleotide sequences across entire phage (Kwan 
et al., 2005).  Comparative analysis between ED98 and MR1 at the level of single 
nucleotides was performed using MAQ software.  SNPs identified were filtered to 
exclude those in regions containing MGE (as they are unlikely to be orthologous) and 
those with lower than average depth of coverage (<90 sequence reads) or mapping 
value. 
4.3.3.  Pseudogene identification 
ORFs displaying evidence of frameshifts were indicated by the BER search performed 
in the JCVI annotation pipeline and manually checked.  In addition, a Perl script was 
written for identification of truncated ORFs in ED98 caused by mutations leading to a 
premature stop codon or indels causing a frameshift.  The sequence of each gene of 
ED98 was compared to its closest homolog as determined by the BER search.  Size 
difference as a percentage of the gene length and percentage identity to best hit was 
reported and regions manually checked to eliminate differences caused by variable start 
site predictions.  Script preparation was performed by Nouri Ben Zakour (University of 
Edinburgh).  Mutations were confirmed by directed sequencing.   
 
The distribution of pseudogenes was examined in 19 additional poultry CC5 isolates and 
the human strains MR1 and N315, the latter of which had been analysed for the presence 
of pseudogenes in a previous study (Lerat & Ochman, 2005).  Primers were designed for 
amplification of the region surrounding each mutation (Table 5).  Reactions were 
performed as described in materials and methods using GoTaq DNA polymerase 
(Invitrogen, Paisley, UK), with an initial 2 min denaturation at 95 °C, followed by 30 
cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min with a final incubation at 72 
°C for 5 min. 
4.3.4.  PCR detection of MGE 
The presence of novel MGE among a panel of avian, human, bovine and ovine isolates 
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Table 5. Oligonucleotide primers used for PCR detection of avian S. aureus mobile genetic elements (MGE) and sequencing of mutations that lead to 











φAv1 φAv1-F3 TACAACGTCCGATTCAGCAA φAv1-R2 GAGCGAAATTTCTGGGACTG 3180bp 
φAvβ φAvβ -F1 GCTTTGACATTTTCGGCATT φAvβ -R1 CTGGCTTGCTTTCTTCTGCT 1646bp 
φAvβ φAvβ -F2 TTAACCCACTCCGCAAATTC φAvβ -R2 ATCGCAAGAGACCAAGCAGT 3754bp 
SaPIAv SaPIAv-F2 TGAATGGGCAACAGACGATA SaPIAv-R TGATCAGCGTAAGTGGATGC 3225bp 
SaPIAv SaPIAv-F1 TCGCTGATTTCTTTGTCACG SaPIAv-R TGATCAGCGTAAGTGGATGC 1470bp 
pAvY pAvY-Lt CATTGAGCCGAATTTGATTG pAvY-Rt TTTAACTGCCCATTTTCATCG 287bp 
pAvX Thiol-F TTTTCTGGTCGCCATACTCC Thiol-R TCCATCGGCAGTTAAAAAGC 1148bp 
Pseudogenes 
spA Spa-f TCTCTATTACGCAAGTGTGC Spa-r2 CATTAGTGCTTTGGCTTGGG 732bp 
asp1 Asp1-f ATCCACAAGTCGTTGCATCA Asp1-r CAGGGAGAGGCTTCTTACCA 545bp 
sspA Sspa-f CCCCTAATGAGCAAAACAAA Sspa-r TCATTAATAAATACCGCACCATT 299bp 
SAAV_1787 SAAV1787-f TCCATTGTTACCTCCCGATT SAAV1787-r TGGTTGTTCAGTTAATGTTGGTG 479bp 
SAAV_0389 SAAV0389-f AGCGAAGGTGGATGAAGATG SAAV0389-r TCCCAGTCATCCCAAGAGTT 289bp 
SAAV_1594 SAAV1594-f GGAGAGTGGTGCATGACAAA SAAV1594-r CGCATGTGCAATCTCTTGTT 528bp 
SAAV_0046 SAAV0046-f ACAGGGAAAGAAGCGGAAAT SAAV0046-r TTATCGTGAGTGCGGAAGC 610bp 
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 (Table 3) was determined by PCR using MGE-specific primers (Table 5).  PCRs were 
performed as described in materials and methods using GoTaq DNA polymerase 
(Invitrogen, Paisley, UK).  Reactions were performed with an initial 2 min denaturation at 
95°C, followed by 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min or 4 min 
(depending on predicted product size with each primer pair), with a final incubation at 
72°C for 5 min. 
4.4.  Results 
4.4.1.  Genome sequencing of poultry and human isolates of the 
same CC5 sub-lineage 
In order to determine the genomic basis of host adaptation following a human-to-poultry 
host jump, a complete genome sequence was obtained for poultry isolate ED98.  This 
CC5 strain was isolated in 1996/97 from a chicken with BCO in Ireland (Table 3; 
Rodgers et al., 1999). Shotgun sequencing reads were assembled into 53 contigs, of 
which 45 were mapped based on homology with human ST5 isolate N315, and 8 were 
unmapped.  Closure of the gaps by PCR and directed sequencing resulted in a circular 
chromosome of 2,824,404bp (Genbank acc. no. CP001781) and three plasmids; pAvX at 
17,256 bp (CP001782), pAvY at 1,442 bp (CP001783) and pT181 at 4,440 bp 
(CP001784) (Table 6). 
 
Shotgun sequencing and de novo assembly into contigs was performed for human basal 
strain MR1, a hospital-acquired MRSA isolate from Poland (Leski et al., 1998, Trzciński 
et al., 1997).  Contigs were deposited in the NCBI database for whole genome shotgun 
sequencing projects, under the accession number ACZQ00000000.  This comprised one 
chromosome of  approximately 2.8 mbp and plasmid pT181 at 4,440 bp, assembled into 





Table 6. Comparative genome analysis of poultry isolate ED98 and basal human isolate 
MR1. 
 




pAvX 17,256 bp 
pAvY 1,442 bp 
pT181 4,440 bp 







Chromosome 2.8 mbp 
pT181 4,440 bp 
32.7 % n/d 
SCCmec Type IV 
Class II clade C type phage
 





4.4.2.  The poultry CC5 clade has acquired novel mobile genetic 
elements from an avian-specific accessory gene pool. 
In order to investigate the genetic basis for adaptation of the CC5 poultry clade to its 
new host, the whole genome sequence of poultry isolate ED98 was compared to the 
genomes of other S. aureus strains including basal human strain MR1 (Fig. 11; Table 7).  
This revealed that the poultry strain ED98 has acquired 5 novel MGE including 2 
prophages, 2 plasmids and a SaPI (Fig. 11; Table 7).  These MGE were not identified 
among human S. aureus sequences identified to date including the Polish MRSA strain 
MR1.  
 
In addition, three copies of a transposon were identified in the ED98 genome, 
homologous (approximately 80 % nucleotide identity) to a transposon present in human 
associated strains MRSA252 (ST36), COL (ST250) and USA300 (ST8).  This was 
absent from CC5 human isolates N315 (which is located within a different sub-lineage 
of the CC5 radiation) and MR1, indicating relatively recent acquisition or loss from 
strain MR1. 
 
A panel of 48 S. aureus isolates from poultry, reared and wild birds, humans, cows, and 
sheep representing the breadth of diversity within the species was screened by PCR for 
the presence of the MGE identified in strain ED98.  Results revealed the wide 
distribution of the novel MGE among avian S. aureus isolates and their complete 
absence among isolates of human or mammalian animal origin (Fig. 12). 
Prophage φAvβ 
A novel member of the -converting phage family was identified, denoted φAvβ.  
Notably, this phage lacks the Immune Evasion Cluster (IEC) of genes which are central 
to the human niche-specific activity of most -converting phages (van Wamel et al., 
2006).  Instead of the IEC, φAvβ contains genes encoding a novel ornithine 
cyclodeaminase.
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Figure 11.  Novel MGE identified in the whole genome sequence of the ST5 poultry isolate ED98.  The ED98 
genome and plasmid maps represent ORFs (blue arrows on outer circle), GC content (middle circle) and GC skew 
(inner circle; GC+ and GC- skew in green and purple, respectively). Prophage and SaPI ORFs are represented by 
arrows, and red arrows denote genes putatively involved in virulence and/or host-specificity. 
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Table 7.  Characteristics of the novel MGE identified in the genome sequence of the poultry strain ED98 
 
 
MGE Coordinates Integration site Similarity to other MGE 
Genes putatively involved with virulence/ 
resistance / host specificity 
φAvβ 2,041,200 - 2,087,967 bp hlb 
Integrase Sa3 type as found in other 
β-converting phage (Goerke et al., 
2009). 
 
Central region highly homologous 
to β-converting phage in MR1 (>90 
% nucleotide identity across region 
of approximately 24 kbp). 
 
No or very low homology to other 
β-converting phage φN315, φNM3 
or φSa3JH1 (>90 % nucleotide 
identity over region of 
approximately 3 kbp with φN315, 
but no homology over remaining 
approximately 42 kbp). 
 
Putative ornithine cyclodeaminase: 
 38 % amino acid identity to ornithine 
cyclodeaminase made by Bacillus cereus. 
 HMM match to ornithine 
cyclodeaminase/mu-crystalin family 
(PF02423). 
Putative membrane protease: 
 27 % amino acid identity to Plnl 
(membrane-bound protease of CAAX 
family) made by Lactobacillus 
plantarum. 








MGE Coordinates Integration site Similarity to other MGE 
Genes putatively involved with virulence/ 
resistance / host specificity 
φAv1 853,678 - 896,610 bp 
Intergenic 
between sufB and 
SAAV_0879. 
Large region of homology with 77-
like phage (>90 % nucleotide 
identity across region of 20 kbp 
with φPVL). 
 
Region encoding Ear-like protein, 
holin and amidase is homologous 
(>95 % nucleotide identity) to 
region in other phage including φ71, 
and prophages in S. aureus strains 
JH1 and JH9. 
 
Ear-like protein: 
 ear previously identified in pathogenicity 
islands SaPI1, SaPI3, SaPI5 and 
SaPImw2 (Subedi et al., 2007). 
 ear encodes β-lactamase-like protein 











Integrase and insertion site 
conserved with those of  SaPI3 in S. 
aureus COL. 
 
Core region of 11 ORFs 
homologous (>90 % nucleotide 
identity) to characterized ORFs in 
SaPIbov. 
 
Two regions of novel hypothetical 
proteins at ends of island, as 
observed in other SaPI (Subedi et 
al., 2007). 
Putative virulence region: 
 Novel hypothetical proteins in accessory 
region A3 where virulence genes such as 
tst and eta located in other SaPI (Subedi 
et al., 2007). 
 SAAV_0806: signal peptide, 1 
transmembrane helix. 
 SAAV_0810: signal peptide, 4 
transmembrane helices. 
 May suggest role as membrane 
transporters. 
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MGE Coordinates Integration site Similarity to other MGE 
Genes putatively involved with virulence/ 
resistance / host specificity 
Transposon 
(3 copies with 
approximately 
80 % identity) 
52,827bp - 68,156bp 
1,746,178 – 1,761,248bp 




Homologous (approximately 80 % 
nucleotide identity) to transposon in 
human associated strains MRSA252 






Novel plasmid; homology to other 
MGE limited to individual ORFs 
(36-91 % nucleotide identity to 
genes in multiple bacterial species). 
Thiol protease ScpA: 
 99.5 % amino acid identity to ScpA 
(GenBank AB071596) previously 
identified among chicken isolates from 
Japan (Takeuchi et al., 1999, Takeuchi et 
al., 2002). 
 Suggested role in poultry dermatitis 
(Kuramasu et al., 1967). 
Lysophospholipase: 
 42 % amino acid identity to a 
lysophospholipase encoded by Bacillus 
clausii. 
 Bacterial phospholipases are known 
virulence factors implicated in disease 





Two genes identified with no 
homology to any sequence in the 




Figure 12.  The poultry CC5 clade has acquired novel MGE from an avian-
specific accessory gene pool.  The distribution of novel MGE identified in the 
ED98 genome sequence among a panel of diverse isolates of avian, human, 
bovine and ovine origin. Neighbour joining tree with bootstrapping consensus 
inferred from 500 replicates, was constructed using concatenated sequences of 
S. aureus STs from different host species including representatives of the major 
clonal complexes identified in the S. aureus species. Labels at branch tips 
denote STs of strains. A filled box indicates presence of an MGE and an empty 
box its absence, as determined by MGE-specific PCR. A crossed box indicates 
the presence of a related but non-identical genetic element (determined by 
successful amplification in 1 of 2 PCRs). Red, blue, and green boxes denote 
strains of avian, human, and ruminant (bovine or ovine) origin, respectively. 
Strain prefixes denote the host species origin of the strains including ch, broiler 
chicken; ph, farmed pheasant; tu, farmed turkey; pa, farmed partridge; cl, poultry 




The largest plasmid at 17 kbp, pAvX encodes a thiol protease (ScpA), previously 
implicated in the pathogenesis of poultry S. aureus infections (Takeuchi et al., 1999, 
Takeuchi et al., 2002).  Also present is a gene encoding a putative lysophospholipase 
displaying 42 % amino acid identity to a lysophospholipase encoded by Bacillus clausii.  
pAvX was present in 11 of 13 avian CC5 strains examined and in 5 of 9 CC385 strains 
(Fig. 12), indicating HGT between these two major avian clades.     
Plasmid pAvY 
A second plasmid, pAvY, is only 1.4 kbp in size and encodes 2 hypothetical proteins of 
unknown function.  This is also present in the two major clades, being distributed among 
11 of 13 avian CC5 strains examined and 2 of 9 CC385 isolates (Fig. 12). 
Staphylococcal pathogenicity island SaPIAv 
ED98 carries a novel member of the SaPI family, SaPIAv.  The core region is conserved 
with other SaPI, such as those in strains COL and RF122 (Fig. 13).  However, genes for 
novel hypothetical proteins are present in accessory regions of the SaPI genome (Fig. 5), 
including 2 that encode putative novel virulence genes in the region typically occupied 
by superantigen genes (Table 7; (Yarwood & Schlievert, 2003).  These do not display 
significant homology to known genes following comparison with the Genbank database.  
However, one (SAAV_0806) contains a signal peptide and one transmembrane helix, 
and the other (SAAV_0810) contains a signal peptide and four transmembrane helices, 
suggesting a putative role in host-pathogen interaction.   
 
SaPIAv was present in 9 of 13 avian CC5 isolates and in 2 isolates from unrelated 
lineages (ST1345 and CC385).  Though it is not widespread in the avian population 
HGT has occurred between 3 unrelated lineages (Fig. 12).
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integrase                                                                                                                                                   putative virulence region 
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Figure 13.  Novel SaPI (SaPIAv) has a conserved core and a region of novel hypothetical proteins with a 
putative role in virulence.  The integrase sequence and genome integration point are shared with that of a 
SaPI3 in human isolate COL, and a large central region of the SaPI is homologous to that of SaPIbov in bovine 
isolate RF122.  Dark grey arrows indicate SaPI ORFs, red arrows indicate virulence or putative virulence ORFs, 







A second prophage was present in ED98, designated φAv1.  The phage genome has a 
mosaic structure typical of these MGE, in that there is one large region with homology 
to 77-like phage (>90 % nucleotide identity across region of 20 kbp with φPVL), and a 
second region encoding holin, amidase and an Ear-like protein, which is homologous 
(>95 % nucleotide identity) to a region in other distinct phage including φ71 and 
prophages in S. aureus strains JH1 and JH9.  The ear-like gene (SAAV_0875) encodes a 
protein with putative β-lactamase activity (Yarwood et al., 2002). 
 
This prophage was found among 5 of 13 poultry CC5 isolates examined but not among 
other avian isolates or isolates of human or ruminant origin (Fig. 12). 
4.4.3.  The poultry CC5 clade has diversified from its human 
progenitor strain by the loss of function of genes involved in 
human disease pathogenesis. 
In addition to the horizontal acquisition of genes by the poultry CC5 clade, examination 
of the genome sequence of poultry strain ED98 and comparison to its human basal strain 
MR1 revealed 197 SNPs, which must have arisen since divergence from a common 
ancestor.  Though many of these are likely to be the result of genetic drift, others may 
have adaptive significance.  Non-synonymous substitutions are observed in genes 
encoding a wide range of proteins, from components of transporter systems, through 
those involved in metabolism of a variety of substrates, to surface expressed proteins.   
 
Of note, several of these mutations lead to a premature stop codon or frameshift so that 
the protein is no longer produced (Table 8).  Mutations that lead to loss of function have 
occurred in a number of genes in strain ED98 (Table 8), including those encoding a 
putative surface-exposed lipoprotein, a protease SspA involved in the maturation of a 
second protease SspB (Massimi et al., 2002), and Asp1 required for the surface 
expression of SraP, a cell wall-associated protein (Siboo et al., 2008), in addition to the
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Table 8.  Distribution of pseudogenes identified in the poultry S. aureus strain ED98.  A total of 10 pseudogenes are specific to poultry CC5 strains 
indicating that they arose since the most recent common ancestor with the human strain MR1; 7 were shared with human MR1 but intact in N315 
indicating they arose in the lineage ancestral to the poultry clade and human MR1 but since divergence with N315; and 22 pseudogenes in ED98 are shared 
with the human strains MR1 and N315 (GenBank BA000018), indicating loss of function prior to the most recent common ancestor of the entire CC5 
radiation (Fig. 10). 
Gene/locus Gene product Function/putative function 
Integrity of gene in specified strain Presence in 19 
CC5 poultry 
isolates 
ED98 MR1 N315 
spA Staphylococcal 
Protein A 
Inhibition of opsonophagocytosis by non-
specific binding to human IgG (37, 38) 
adherence to human lung epithelial cells 
via the TNFR1 receptor (39), and 
adhesion to human platelets by binding of 
von Willebrand factor (40, 41) 
Pseudogene Intact Intact 19/19 
asp1 Accessory secretory 
protein 1 
Required for expression of SraP, a cell-
wall-associated protein involved in 
adhesion to human platelets and 
implicated in pathogenesis of infective 
endocarditis (42) 
Pseudogene Intact Intact 10/19 
sspA Staphylococcal serine 
protease 
Required for maturation of SspB, a serine 
protease that interacts with human host 
factors such as fibrinogen to alter 
structure of blood clots (43) 
Pseudogene Intact Intact 5/19 
SAAV_1787 RNA polymerase  
sigma-70 
Regulation of gene transcription Pseudogene Intact Intact 19/19 
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Gene/locus Gene product Function/putative function 
Integrity of gene in specified strain Presence in 19 
CC5 poultry 
isolates 
ED98 MR1 N315 
SAAV_0389 Conserved hypothetical 
protein in VSaα 
Unknown Pseudogene Intact Intact 16/19 
SAAV_1594 Conserved hypothetical 
protein, Fic protein 
family 
Putative cell division role Pseudogene Intact Intact 19/19 
SAAV_0046 Putative lipoprotein  Host-pathogen interactions Pseudogene Intact Intact 19/19 
SAAV_0047 Integrase (transposon 
copy 1) 
Mobility of transposon 
Pseudogene Not present Not present n/d 
SAAV_1689 Integrase (transposon 
copy 2) 
Mobility of transposon Pseudogene 
Not present Not present 
n/d 
SAAV_1941 Integrase (transposon 
copy 3) 
Mobility of transposon Pseudogene 
Not present Not present 
n/d 
SAAV_0217 Hexitol dehydrogenase Metabolism Pseudogene Pseudogene Intact n/d 
SAAV_0556 Putative pyridine 
nucleotide-disulfide 
oxidoreductase 
Metabolism Pseudogene Pseudogene Intact n/d 
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Gene/locus Gene product Function/putative function 
Integrity of gene in specified strain Presence in 19 
CC5 poultry 
isolates 





Pseudogene Pseudogene Intact n/d 
SAAV_1830 Conserved hypothetical 
protein in VSaβ 
Unknown Pseudogene Pseudogene Intact n/d 
SAAV_2323 Transporter          
(AcrB/AcrD/AcrF 
family) 
Putative multidrug efflux transporter  Pseudogene Pseudogene Intact n/d 
SAAV_2728 Conserved hypothetical 
protein 
Unknown Pseudogene Pseudogene Intact n/d 
SAAV_0145 NAD-dependant formate 
dehydrogenase 
Metabolism Pseudogene Pseudogene Intact n/d 
SAAV_1795 Transposase Mobility of MGE Pseudogene Pseudogene Pseudogene n/d 
SAAV_1813 Transposase Mobility of MGE Pseudogene Pseudogene Pseudogene n/d 
hlb  β-hemolysin Sphingomyelinase activity (44) Pseudogene Pseudogene Pseudogene n/d 
SAAV_0031 Conserved hypothetical 
protein                        
(thiolase active site) 
Putative metabolic role Pseudogene Pseudogene Pseudogene n/d 
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Gene/locus Gene product Function/putative function 
Integrity of gene in specified strain 
Presence in 19 
CC5 poultry 
isolates 




protein                                   
(1 signal peptide) 
Putative membrane transporter Pseudogene Pseudogene Pseudogene n/d 




of the cell 
envelope 
Pseudogene Pseudogene Pseudogene n/d 




protein (copy 1) 




protein (copy 2) 




protein (copy 3) 




protein (copy 4) 




Catalyses attachment of amino acid                       
to transfer RNA molecule 
Pseudogene Pseudogene Pseudogene n/d 
yent 1 & 2 Superantigen Secreted toxin with mitogenic activity Pseudogene Pseudogene Pseudogene n/d 
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Gene/locus Gene product Function/putative function 
Integrity of gene in specified strain Presence in 19 
CC5 poultry 
isolates 




protein (copy 5) 
Unknown Pseudogene Pseudogene Pseudogene n/d 
SAAV_1824 Epidermin immunity 
protein in VSaB  




protein in VSaβ             
(signal peptide & iron-
sulphur binding site) 
Putative membrane transporter                            
and/or metabolic role 




protein                            
(signal peptide & iron-
sulphur binding site) 
Putative membrane transporter                        
and/or metabolic role 




protein                           
(signal peptide & iron-
sulphur binding site) 
Putative membrane transporter                            
and/or metabolic role 
Pseudogene Pseudogene Pseudogene n/d 
Gene not 
annotated 
Conserved hypothetical  
protein 
Unknown Pseudogene Pseudogene Pseudogene n/d 
SAAV_0240 NADH dehydrogenase 
subunit 
Metabolism Pseudogene Pseudogene Pseudogene n/d 
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Gene/locus Gene product Function/putative function 
Integrity of gene in specified strain Presence in 19 
CC5 poultry 
isolates 
ED98 MR1 N315 
SAAV_2204 Hypothetical protein, 
similar to transposase for 
IS232 
Mobility of MGE Pseudogene Pseudogene Pseudogene n/d 
oppB Peptide ABC 
transporter, permease 
protein 
Transmembrane transport protein Pseudogene Pseudogene Pseudogene n/d 
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previously identified spA pseudogene. 
 
Ten pseudogenes are present in ED98 but not in basal human isolate MR1, indicating 
that they arose since the most recent common ancestor of these two strains.  Seven are 
shared with MR1 but are intact in N315, indicating that they arose in the lineage 
ancestral to the poultry clade and human MR1, but since divergence with N315.  Finally, 
22 pseudogenes in ED98 are shared with the human strains MR1 and N315, indicating 
loss of function prior to the most recent common ancestor of the entire CC5 radiation 
(Table 8). 
 
PCR and sequencing of 19 CC5 poultry isolates was performed to determine whether the 
10 pseudogenes unique to ED98 are found throughout the CC5 poultry clade.  Several 
were found in all 19, including spA, a putative regulatory gene SAAV_1787 and a 
putative lipoprotein (Table 8).  Each pseudogene was present in at least five of the 19 
isolates, confirming that all pseudogenes are present in multiple branches of the poultry 
ST5 clade and are not unique to ED98. 
4.5.  Discussion 
4.5.1.  Genome evolution in the CC5 lineage 
In order to investigate the genomic basis for adaptation of the CC5 poultry clade to its 
adopted host, the whole genome sequence of poultry isolate ED98 was compared to the 
genomes of other S. aureus strains, including basal human strain MR1.  Results 
demonstrate that evolution of poultry strain ED98 involved acquisition of novel genomic 
regions not found in the CC5 human associated progenitor MR1, or in other known S. 
aureus sequences.  Several novel MGE were identified, including two prophage (φAv1 
and φAvβ), a novel member of the SaPI family of pathogenicity islands (SaPIAv) and 
two plasmids (pAvX and pAvY). 
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Furthermore, PCR screening reveals that the majority of these MGE are present in avian 
isolates from multiple distinct lineages, but are conspicuously absent from human, 
bovine or ovine isolates (Fig. 12).  This suggests that the poultry CC5 clade has acquired 
novel MGE from an avian-specific accessory gene pool, maintained within unrelated 
strains that occupy the same avian host niche.   
 
Importantly, avian-specific MGE sequences are found in lineages represented by very 
few strains in the collection of poultry isolates (Chapter 3; Fig. 7).  This observation 
supports the hypothesis that these strains represent other groups that have recently 
switched from a human to poultry host.  Data suggest that in common with the CC5 
poultry clade, these clades are undergoing host adaptation, at least in part through 
acquisition of avian-specific MGEs. 
 
These findings also suggest that this CC5 sub-lineage, which includes the poultry strains 
and human isolates from Poland, may be particularly proficient at acquiring MGE.  This 
property may have led to the emergence of both the successful poultry pathogen and the 
human MRSA clone predominant in Polish hospitals in the 1990s. 
 
In addition to HGT, analyses suggest that small scale changes in the core genome may 
also contribute to host adaptation as SNPs were identified between strains ED98 and 
MR1.  Protein modelling, functional characterisation and/or mutation studies are 
required to ascertain the effect of specific nucleotide differences leading to amino acid 
changes.  Importantly, 10 of these mutations lead to the formation of pseudogenes in 
ED98.  This is either due to substitution that causes a premature stop codon, or to 
insertion of one or a number of bases that introduce frameshift.  Seven pseudogenes 
arose in the lineage ancestral to the poultry clade and human MR1, but since divergence 
with N315, whilst a further 22 arose prior to the most recent common ancestor of the 
entire CC5 radiation, suggesting that genome reduction has had a part to play both in 
evolution of the CC5 lineage of S. aureus as a whole, and in particular in adaptation to a 
poultry niche.  Notably, several of the pseudogenes that have arisen in the poultry clade 
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encode proteins involved in human disease pathogenesis.  These include a putative 
surface-exposed lipoprotein, proteins involved in production of virulence factors SspB 
and SraP (Massimi et al., 2002, Siboo et al., 2008) and, as was previously observed in 
phenotypic studies of human and poultry associated strains, SpA (Foster, 2005, 
Gemmell et al., 1991, Gomez et al., 2006, Hartleib et al., 2000, O'Seaghdha et al., 
2006). 
 
Identical nonsense mutations that inactivate spA, the regulatory gene SAAV_1787 and a 
putative lipoprotein were found in all poultry CC5 strains examined, indicating that they 
happened early in the evolution of the poultry clade.  All of the pseudogenes were 
present in at least five of the 19 isolates, suggesting that they each play a role in 
adaptation to a novel niche as they have arisen in one strain and been maintained in 
multiple branches of the CC5 poultry lineage. 
 
Genome reduction is characteristic of bacterial species undergoing niche restriction 
(Eppinger et al., 2006, Thomson et al., 2008), and in this case may be due to different 
requirements of the avian host environment.  Proteins previously important for 
pathogenesis may no longer be of use as they do not interact in the same way (or at all) 
with their novel host.  Selective pressure leads to loss of the gene because of the fitness 
cost of producing such a protein, or because there are deleterious effects of interaction 
with the new host. 
4.5.2.  Avian host adaptation 
The genome of CC5 poultry strain ED98 has been shaped by the loss of function of 
genes involved in human disease pathogenesis and by HGT.  The identification of 
several novel MGE which are widely distributed among avian isolates from distinct 
clonal lineages, and which are not associated with human or ruminant strains, indicates 
the presence of an avian niche-specific accessory gene pool for S. aureus.  The 
maintenance of such a gene pool implies that it confers an important selective advantage 
to bacteria residing in the niche.  Genes encoded on these MGE may be important for 
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colonisation and/or invasion of an avian host, whose biology differs from that of a 
mammalian host in several recognised ways. 
 
The chicken genome sequence, published in 2004, revealed major differences in 
structure and gene content between chicken and mammalian genomes, highlighting the 
features to which the CC5 poultry clade had to adapt following a host switch.  Notably, 
only around 60 % of chicken protein-coding genes have a single human orthologue 
(International Chicken Genome Sequencing Consortium, 2004).  Of these, genes 
involved in host defence exhibit greater divergence from the human form than, for 
example, those involved in cytoplasmic and nuclear functions (International Chicken 
Genome Sequencing Consortium, 2004).  Furthermore, manual scrutiny of the genome 
revealed that some of the remaining 40 % of genes encode probable immune proteins 
that have diverged to such an extent that orthologue searches do not detect them 
(International Chicken Genome Sequencing Consortium, 2004). 
 
Other studies have identified specific examples of differences in the immune systems of 
mammals and birds.  Toll-like receptors (TLRs) are a key component of the innate 
immune system as they are involved in microbe recognition (Takeuchi & Akira, 2010), 
but homology between chicken TLRs and those of mice or humans can be as low as 
28 % in some families (Yilmaz et al., 2005).  Importantly, analysis has shown that 
sequence changes in the ligand-binding domains of TLR1 in chickens are a principal 
component of host evolution (Yilmaz et al., 2005), suggesting that there may be strong 
selective pressure for corresponding changes in microbes, in order that they evade 
detection.  In another example, avian cytokines perform the same function in both 
mammals and birds in that they act as immuno-regulatory molecules, but studies have 
shown that avian cytokines have a remarkably different structure to their mammalian 
counterparts (for review see Staeheli et al., 2001).  Structural variation is also observed 
in immunoglobulins.  The avian equivalent of human IgG is IgY, which has a 
structurally distinct Fc region which, unlike that of IgG, does not bind the major S. 
aureus surface protein SpA (Barkas & Watson, 1979, Warr et al., 1995). 
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It seems likely that such differences in host defences present a major challenge to the  S. 
aureus CC5 poultry clade.  However, there are other important aspects of avian 
physiology to be considered.  Comparative genomic analysis demonstrated that 
orthologues of mammalian genes encoding salivary-associated proteins are entirely 
absent from the chicken genome (International Chicken Genome Sequencing 
Consortium, 2004), whilst proteins with scavenger receptor cysteine rich (SRCR) 
domains are significantly over-represented, a feature thought to be linked to mucosal 
homeostasis (Kang & Reid, 2003).  This may be important to S. aureus as it frequently 
colonises mucosal surfaces such as the anterior nares, and as such may be adapted to 
specific conditions unique to humans. 
 
Another notable difference is variation in body temperature; normal avian body 
temperature is 42°C whereas human is 37°C.  Features of host metabolism may also 
affect the environment inhabited by bacteria, such as differences in excretion of 
nitrogenous waste.  Whereas mammals excrete urea, birds excrete uric acid, probably to 
avoid the build up of soluble urea during development in the egg (International Chicken 
Genome Sequencing Consortium, 2004). 
 
It is highly likely that some of the mutations observed in ED98 and/or some of the genes 
of unknown function located on novel MGE are involved in adaptation to such changes 
in host environment.  For example, the prophage φAvβ carries an ornithine 
cyclodeaminase gene, which may relate to adaptation to an avian environment with a 
high concentration of ornithine due to differences in processing of nitrogenous waste.  
Of note, the amino acid proline is important to many bacteria as an osmoprotectant and 
antioxidant, and arginine is utilised in its generation (Townsend et al., 1996).  Usually, 
arginine is transported into the S. aureus cell via an arginine/ornithine antiporter (ArcD) 
but if there is a high extracellular concentration of ornithine, bacteria may instead efflux 
arginine and take up ornithine.  If this occurs, the usual means for S. aureus to generate 
proline (i.e. via arginine) may be impaired.  Thus, the single-step conversion of ornithine 
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to proline, a process that involves ornithine cyclodeaminase, could provide an advantage 
in such an environment. 
 
Loss of the sspA gene, encoding Staphylococcal serine protease SspA, may also be 
related to host adaptation.  This protein is required for maturation of SspB, a second 
serine protease that interacts with fibrinogen α and β chains (altering the structure of 
blood clots), and also with fibronectin and kininogen.  The chicken homologues of 
fibrinogen α, fibrinogen β, fibronectin and kininogen exhibit only 44 %, 65 %, 81 % and 
35 % homology, respectively, with the human form.  Proteolytic activity of SspB 
requires specific target sequences that may not be conserved in an avian host. 
 
There are also several genes encoded on MGE that may be involved in persistence, 
virulence or resistance, contributing to the emergence of this CC5 sublineage as a major 
global poultry pathogen.  The pathogenicity island SaPIAv carries two hypothetical 
proteins with transmembrane helices and signal peptides, which may suggest a role as 
membrane transporters.  Plasmid pAvX carries a putative lysophospholipase and 
prophage φAvβ has a putative membrane protease, both of which are from protein 
families implicated in pathogenesis in several bacterial species (Dubin, 2002, Schmiel & 
Miller, 1999).  Finally, φAv1 has an Ear-like protein found on several other phage, with 
80 % homology to the protein Ear, a putative β-lactamase protein found on SaPI1, 
SaPI3, SaPI5 and SaPImw2. 
4.5.2.  Conclusion 
In conclusion, these data have revealed genetic evidence for the host adaptation of the 
poultry clade of the CC5 lineage through extensive acquisition of MGEs from other S. 
aureus isolates colonising poultry, and through loss of gene function.  Previous 
population genetic analysis of the poultry clade indicated a human-to-poultry host jump 
and intercontinental dissemination of the poultry adapted clone, and data presented here 





5.   Genome-wide analysis of 
positive selection in S. aureus 
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5.1.  Introduction 
In order to survive, bacterial pathogens must adapt to selective pressures such as the 
immune syatem, inhibition by therapeutics and changes in host biology.  Positive 
selection leading to fixation of beneficial mutations is an important facet of adaptive 
evolution.  In recent years, phylogenetic methods have been applied to many taxa to 
identify genes under positive selection by comparing rates of synonymous versus non-
synonymous mutation (dN/dS or ω) (for example, humans, chimpanzees and mice 
(Clark et al., 2003, Nielsen et al., 2005), Drosophila (Richards et al., 2005) and E. coli 
(Petersen et al., 2007)).  In particular, studies on a genome-wide scale are a powerful 
means to identify proteins that are adapting to selective forces in all strains, and in 
certain niches only. 
 
Population genomic analysis of avian isolates of S. aureus in the current study has 
revealed the importance of gene acquisition and loss in host adaptive evolution.  
However, such processes are not the only mechanisms of genome evolution.  This 
component of the project aims to assess the relative importance of positive selection in 
the niche adaptation of S. aureus. 
5.2.  Aim 
To perform genome-wide analysis of positive selection in 30 strains of S. aureus 
representing diverse evolutionary lineages and host associations, in order to identify 
genes undergoing adaptive evolution. 
5.3.  Materials and methods 
Python script preparation and recombination analysis were performed by Jon Bollback 
(The University of Edinburgh). 
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5.3.1.  Genome sequence retrieval and identification of 
orthologous genes 
Genome sequences for 30 strains of S. aureus were downloaded from the NCBI 
database, the EMBL database or the Sanger Institute website, or were generated by 
authors of this study and collaborators (Table 9).  Of these, 16 genomes were available 
as coding sequences (CDS) (.ffn files) as annotation had been performed previously, 
whilst the remaining 14 were available in the form of multiple contiguous sequences 
(contigs) assembled from shotgun sequencing reads.  Contigs were concatenated and 
submitted to the RAST annotation server (Aziz et al., 2008) for prediction of CDS.  
CDS spanning overlaps between contigs were manually trimmed where a gene fragment 
was detected on one or both contig edges, using Artemis software (Rutherford et al., 
2000).  CDS for all 30 genomes were concatenated into a single document, which was 
formatted to create a BLASTn database. 
 
A python script was written to identify groups of orthologous genes.  Briefly, all CDSs 
from S. aureus strain COL were aligned against the database of concatenated genomes 
using BLAST (e-value cut off 0.00001).  If a match for a given COL gene was identified 
in one of the other 29 genomes, and a reciprocal BLAST of the matching CDS returned 
the original COL CDS, the genes were considered orthologous and the protein sequence 
was retrieved.  Orthologous protein sequences were then aligned with ClustalW (Larkin 
et al., 2007) and protein sequences replaced by the corresponding nucleotide sequences, 
preserving the gaps obtained during protein alignment.  Orthologue groups containing 
sequences from at least 3 of the 30 genomes were included for further analyses. 
5.3.2.  Tree construction and test for positive selection 
Phylogenetic trees were inferred for each orthologue group using the PAUP* software 
package (Wilgenbusch & Swofford, 2003).  In order to test for positive selection, the 
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Table 9.  Strains of S. aureus considered in a genome-wide analysis to identify genes displaying evidence for positive selection.  
Genome sequences were either  publically available or sequenced by authors and/or collaborators 
 








Source Institution Reference 
ED98 







Univ. of Edinburgh This study 
ED133 






NCBI                
(CP001996) 
Univ. of Edinburgh 
Guinane et al., 
2010 
DL190 Rabbit isolate 
ST121 
(CC121) 
N/A Complete Unpublished 










Univ. of Minnesota 
Herron-Olson et al., 
2007 
 109 








Source Institution Reference 
Mu3 








Juntendo Univ., NITE Neoh et al., 2008 






Rockefeller Univ., JGI Mwangi et al., 2007 
Newman 







Juntendo Univ., NITE Baba et al., 2008 
JH9 







Rockefeller Univ., JGI Mwangi et al., 2007 
NCTC8325 







Univ. of Oklahoma Gillaspy et al.,2006 
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Source Institution Reference 
COL 
Early human hospital-






J Craig Venter 
Institute 
Gill et al., 2005 
MSSA476 







Sanger Institute Holden et al. 2004 
MRSA252 
EMRSA-16 clone 







Sanger Institute Holden et al., 2004 
MW2 
Human MRSA: 







Juntendo Univ., NITE Baba et al., 2002 
Mu50 







Juntendo Univ., NITE Kuroda et al., 2001 
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Source Institution Reference 
N315 













































Sanger Institute Holden et al., 2010 
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Source Institution Reference 
MR1 
Hospital-acquired polish 
human MRSA isolate 
ST5 
(CC5) 
HA Incomplete NCBI 
1
 Univ. of Edinburgh This study 
CF-Marseille 




Unknown Incomplete EMBL-EBI 
2
 
Univ. de la 
Méditerranée 
Rolain et al., 2009 
H1374 
(H174) 








Sanger Institute Enright et al., 2000 
NOH4 
(Nottm4) 









Sanger Institute None 
EMRSA15 
1 of 2 MRSA clones 






















Source Institution Reference 




NCBI         
(GPID 31541) 
BCM-HGSC None 




NCBI         
(GPID 31539) 
BCM-HGSC None 




NCBI         
(GPID 31543) 
BCM-HGSC None 












Unknown Incomplete NCBI 
7
 BCM-HGSC None 
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Source Institution Reference 
JKD6008 






HA Incomplete NCBI 
8
 Monash Univ. 









HA Incomplete NCBI 
9
 Monash Univ. 



























  Patient developed MRSA bacteraemia and endocarditis following 
surgery; pre- glycopeptide antibiotic treatment. 
‡
  Patient developed MRSA bacteraemia and endocarditis following 
surgery; after vancomycin therapy. 
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method of Nielsen and Yang (1998) was utilised, as implemented in PAML (Yang, 
1997) and described previously (Petersen et al., 2007). 
 
The method tests for the presence of positively selected sites by allowing ω to vary 
among sites.  Data were fitted to alternative models of selection, either positive or none, 
by comparing M1a with M2a, and M7 with M8 (Yang, 1997, Yang et al., 2000).  Genes 
were considered to show evidence for positive selection across all strains if they 
matched both models M2a and M8, following fdr correction.  Aligned nucleotide 
sequences for each orthologue group exhibiting evidence for selection were manually 
inspected to identify alignment errors.   
 
Positive selection acting on one lineage only is indicated by an elevated ω in this 
lineage.  Analysis was performed using codeml, as implemented in the PAML package 
(Yang, 1997).  Rates were compared between human-associated and non-human animal-
associated lineages with a Bonferroni multiple test correction.   
5.3.3.  Test for recombination 
Recombination can interfere with the molecular signal for positive selection as the 
method used for detecting positive selection assumes that all sites share the same 
underlying phylogeny (Anisimova & Liberles, 2007, Shriner et al., 2003).  Therefore, 
genes that showed evidence for positive selection were analysed for evidence of 
recombination, using a statistical test implemented in HyPhy (Pond et al., 2005) as 
described previously (Petersen et al., 2007).   
5.3.4.  Multi Locus Sequence Typing and phylogenetic analysis 
Sequence Types (ST) of strains included in the analysis were either previously published 
or were determined from the published genome sequence.  For each of the seven 
housekeeping genes employed for S. aureus MLST, the nucleotide sequence of a single 
allele was downloaded from the MLST website (http://saureus.mlst.net/).  Relevant 
regions of each genome were identified using BLASTn sequence comparison visualized 
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using the Artemis Comparison Tool (Carver et al., 2005) and sequences were submitted 
to the MLST website to determine allele numbers and resulting ST.  Reconstruction of 
evolutionary relationships was carried out using concatentated MLST sequence data, as 
described in materials and methods. 
5.3.5.  Gene annotation 
Protein function was inferred from existing annotations of strain COL including gene 
name, homology to PFAMs and COG assignment, and was supplemented by additional 
BLAST searches.  Assignment of encoded proteins to functional group was performed 
for (i) all genes identified in orthologue search, and (ii) genes displaying evidence for 
positive selection.  In order to detect statistically significant enrichment of genes under 
selection in a particular functional group, numbers for each group were compared using 
a χ
2
 test (1 degree of freedom). 
5.4.  Results 
5.4.1.  Comparative analysis of the S. aureus genome 
In order to identify genes with orthologues in multiple lineages of S. aureus, 
comparative genomic analysis was performed with 30 genome sequences for strains of 
diverse origin (Table 9).  This included bovine (RF122), ovine (ED133), avian (ED98) 
and rabbit (DL190) strains, in addition to 26 isolates of human origin.  Of the human 
isolates, which included MRSA, MSSA, VISA and VRSA strains, 14 were hospital-
acquired and 9 were community-acquired (status was unknown for 3 strains) including 
isolates associated with invasive disease and commensalism.  Furthermore, the strains 
analysed represent a cross section of the genetic diversity across the S. aureus species, as 
determined by MLST (Fig. 14).  
 
Sets of orthologous gene sequences were identified by reciprocal BLAST analysis.  This 
revealed a S. aureus genome of 2602 genes, comprising 2055 (79 %) core genes
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Figure 14.  S. aureus isolates analysed in this study represent breadth of 
diversity in the species.  Strains analysed are from distinct environmental niches, 
and phylogenetic analysis of 7 concatenated MLST alleles demonstrates that they 
represent divergent evolutionary lineages.  Coloured STs indicate lineages 
represented by strains in the study: red are human isolates, green is bovine, orange 
is ovine, blue is rabbit, red/purple is a lineage with both human and chicken 
isolates.  Black STs represent remaining major lineages (CCs) identified in S. 
aureus species.  
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(orthologues in at least 28 of the 30 genomes) and 546 (21 %) accessory genes 
(orthologues in 27 or less of the 30 genomes).  It should be noted that 12 of the genomes 
contained gaps between contigs.  Such gaps are frequently located in genes with internal 
repeats or regions with high homology to other regions of the genome, including genes 
encoding the MSCRAMM family of surface proteins.  Thus, in a small number of cases, 
genes designated accessory rather than core genes may reflect this limitation, rather than 
narrow distribution of the gene across the S. aureus species.  Furthermore, the approach 
used to identify orthologues depends upon a gene being present in the genome of COL, 
the reference strain.  Therefore, the study excludes many genes of the accessory or core-
variable genome, and should thus be considered predominantly an analysis of positive 
selection occurring in the S. aureus core genome.   
5.4.2.  Genome-wide positive selection drives S. aureus genome 
evolution 
In order to assess the contribution of positive selection to evolution of the S. aureus 
genome, gene sequences with orthologues in multiple genomes were analysed for the 
molecular signature of positive selection based upon dN/dS (ω).  In total, 125 genes 
representing 4.8 % of the complete S. aureus genome (which is defined as the 2602 
genes identified in the orthology search) showed significant evidence for positive 
selection in the absence of recombination (Tables 10-12), and are distributed throughout 
the genome (Fig. 15). 
 
Genes under positive selection were found in all functional categories except for 
intracellular trafficking and secretion, cell motility and secretion, and chromatin 
structure and dynamics, which make up a small proportion of the S. aureus genome (1.4 
%, Fig. 16).  Of note, 27 % (n=34) of the genes under selection encode hypothetical 





Table 10.  Genes displaying evidence for positive selection, with elevated rate of non-synonymous mutations across all branches of the S. 
aureus species phylogenetic tree examined 
ID Gene name Product COG Functional group 
SACOL0422  - ABC transporter  ATP-binding protein COG1131V Defence mechanisms 
SACOL2646  - DNA-binding response regulator COG0745TK 
Signal transduction mechanisms, 
Transcription 
SACOL1038  - Membrane protein COG4652S Function unknown 
SACOL1500  - Hypothetical protein COG2738R General function prediction only 
SACOL0690  - ABC transporter  ATP-binding protein COG1121P Inorganic ion transport and metabolism 
SACOL0705  - 
Iron compound ABC transporter  
permease protein 
COG0609P Inorganic ion transport and metabolism 
SACOL2165  - 
Iron compound ABC transporter  
permease protein 
COG0609P Inorganic ion transport and metabolism 
SACOL0438  ssb2 Single-stranded DNA-binding protein COG0629L DNA replication, recombination and repair 
SACOL0627  ung Uracil-DNA glycosylase COG0692L DNA replication, recombination and repair 
SACOL1382  sbcC Exonuclease SbcC COG0419L DNA replication, recombination and repair 
SACOL1390  parC DNA topoisomerase IV subunit A COG0188L DNA replication, recombination and repair 
SACOL1671  - Holliday junction resolvase-like protein COG0816L DNA replication, recombination and repair 
SACOL1955  dinP DNA-damage-inducible protein P COG0389L DNA replication, recombination and repair 
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ID Gene name Product COG Functional group 
SACOL2147  - 
Transcriptional antiterminator Bglg 
family/DNA-binding protein 
COG3711K Transcription 
SACOL1688  - D-tyrosyl-tRNA deacylase COG1490J 
Translation, ribosomal structure and 
biogenesis 
SACOL2739  rnpA Ribonuclease P COG0594J 
Translation, ribosomal structure and 
biogenesis 
SACOL0463  - Hypothetical protein COG2918H Coenzyme metabolism 
SACOL0460  guaB Inosine-5'-monophosphate dehydrogenase 
COG0516F, 
COG0517R 
Nucleotide transport and metabolism 
SACOL1655  mtn 
5'-methylthioadenosine/S-
adenosylhomocysteine nucleosidase 
COG0775F Nucleotide transport and metabolism 
SACOL1476  - Amino acid permease COG0531E Amino acid transport and metabolism 
SACOL1563  lpdA 
2-oxoisovalerate dehydrogenase  E3 
component  lipoamide dehydrogenase 
COG1249C Energy production and conversion 
SACOL0119  - 
Putative cell wall surface anchor family 
protein 
Unknown Unknown 
SACOL0358  - Hypothetical protein Unknown Unknown 
SACOL0393  - Hypothetical protein Unknown Unknown 
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ID Gene name Product COG Functional group 
SACOL0989  - Hypothetical protein Unknown Unknown 
SACOL1142  isdD Iron compound ABC transporter protein Unknown Unknown 
SACOL1144  IsdF 
Iron compound ABC transporter  
permease protein 
Unknown Unknown 
SACOL1345  - Hypothetical protein Unknown Unknown 
SACOL1348  - Hypothetical protein Unknown Unknown 
SACOL1766  - Hypothetical protein Unknown Unknown 
SACOL2123  - Hypothetical protein Unknown Unknown 
SACOL2429  - Hypothetical protein Unknown Unknown 
SACOL2470  - Hypothetical protein Unknown Unknown 
SACOL0034  mecR1 
Methicillin-resistance MecR1 regulatory 
protein 
COG4219KT 
Transcription, Signal transduction 
mechanisms 
SACOL0064  - Metallo-beta-lactamase family protein COG0491R General function prediction only 
SACOL0099  sirA 
Iron compound ABC transporter  iron 
compound-binding protein Sira 
COG0614P Inorganic ion transport and metabolism 
SACOL0477  - 
Type I restriction-modification system S 
subunit ecoa family putative 
COG0732V Defence mechanisms 
SACOL0521  - Hypothetical protein COG0718S Function unknown 
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ID Gene name Product COG Functional group 
SACOL0526  - 
DNA polymerase III  delta prime subunit  
putative 
COG0470L DNA replication, recombination and repair 
SACOL0733  - Sugar efflux transporter putative COG2814G Carbohydrate transport and metabolism 
SACOL0794  - Hypothetical protein Unknown Unknown 
SACOL0888 - Pathogenicity island  lipoprotein putative Unknown Unknown 
SACOL1225  - Hypothetical protein Unknown Unknown 
SACOL1324  - Hfq protein putative COG1923R General function prediction only 
SACOL1739  - Sensory box histidine kinase PhoR COG5002T Signal transduction mechanisms 
     
SACOL2202  - Hypothetical protein Unknown Unknown 
SACOL2204  - Hypothetical protein Unknown Unknown 
SACOL2456  - Hypothetical protein COG4430S Function unknown 
SACOL2729 - Integrase/recombinase core domain family COG2826L DNA replication, recombination and repair 
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Table 11.  Genes displaying evidence for positive selection, with an elevated ratio of non-synonymous to synonymous mutations in non-
human animal associated lineages when compared with human associated lineages, indicating positive selection in these lineages only 
ID Gene name Product COG Functional group 
SACOL0230  - 
PTS system  sorbitol-specific IIB 
component 
COG3414G Carbohydrate transport and metabolism 
SACOL0414  - Lipoprotein  putative COG2822P Inorganic ion transport and metabolism 
SACOL0117  - Polysaccharide extrusion protein COG2244R General function prediction only 
SACOL1384  opuD1 Osmoprotectant transporter  BCCT family COG1292M Cell envelope biogenesis, outer membrane 
SACOL2535  - 2-hydroxyacid dehydrogenase COG1052CHR 
Energy production and conversion, Coenzyme 
metabolism 
SACOL1790  murC UDP-N-acetylmuramate--L-alanine ligase COG0773M Cell envelope biogenesis, outer membrane 
SACOL1294  - Metallo-beta-lactamase family protein COG0595R General function prediction only 
SACOL1719  hemA Glutamyl-trna reductase COG0373H Coenzyme metabolism 




Table 12.  Genes displaying evidence for positive selection with an elevated ratio of non-synonymous to synonymous mutations in human 
associated lineages when compared with other animal associated lineages, indicating positive selection in these lineages only. 
ID Gene name Product COG Functional group 
SACOL2174 - Hypothetical protein COG5547S Function unknown 
SACOL1270 hslV 
ATP-dependent protease peptidase 
subunit 
COG5405O 
Posttranslational modification, protein turnover, 
chaperones 
SACOL1277 hslV 
ATP-dependent protease peptidase 
subunit 
COG5405O 
Posttranslational modification, protein turnover, 
chaperones 
SACOL0960 rocD Ornithine--oxo-acid transaminase COG4992E Amino acid transport and metabolism 
SACOL1032 - Comk family protein COG4903K Transcription 
SACOL0938 dltD Dltd protein COG3966M Cell envelope biogenesis, outer membrane 
SACOL1378 - Hypothetical protein COG3763S Function unknown 
SACOL1393 - Transcriptional antiterminator lict putative COG3711K Transcription 
SACOL2003 hlb Β haemolysin COG3568R General function prediction only 
SACOL0444 - Hypothetical protein COG3212S Function unknown 
SACOL0069 - Hypothetical protein COG3070K Transcription 
SACOL1151 - Hypothetical protein COG3027S Function unknown 
SACOL2034 - Hypothetical protein COG2391R General function prediction only 
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ID Gene name Product COG Functional group 
SACOL1937 pepS Aminopeptidase peps COG2309E Amino acid transport and metabolism 
SACOL1814 - Lysophospholipase putative COG2267I Lipid metabolism 
SACOL2057 rsbU Sigma factor B regulator protein COG2208TK Signal transduction mechanisms, transcription 
SACOL0806 pepT Peptidase T COG2195E Amino acid transport and metabolism 
SACOL1927 - Hypothetical protein COG1988R General function prediction only 




COG1947I Lipid metabolism 
SACOL0096 sarS Staphylococcal accessory regulator S COG1846K Transcription 
SACOL0811 - Hypothetical protein COG1739S Function unknown 
SACOL2334 - Hypothetical protein COG1668CP 
Energy production and conversion, inorganic 
ion transport and metabolism 
SACOL2030 scrR Sucrose operon repressor COG1609K Transcription 
SACOL2577 crtM Dehydrosqualene synthase COG1562I Lipid metabolism 
SACOL0812 - Degv family protein COG1307S Function unknown 
SACOL2341 fni Isopentenyl pyrophosphate isomerase COG1304C Energy production and conversion 
SACOL1548 - Atsa/elac family protein COG1234R General function prediction only 
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ID Gene name Product COG Functional group 
SACOL2323 hutI Imidazolonepropionase COG1228Q 
Secondary metabolites biosynthesis, transport 
and catabolism 
SACOL2474 - 
Peptide ABC transporter  permease 
protein 
COG1173EP 
Amino acid transport and metabolism 
Inorganic ion transport and metabolism 
SACOL0882 - ABC transporter  ATP-binding protein COG1135P Inorganic ion transport and metabolism 
SACOL1613 - ABC transporter  ATP-binding protein COG1121P Inorganic ion transport and metabolism 
SACOL2441 - Amino acid permease COG1113E Amino acid transport and metabolism 
SACOL1102 pdhA 
Pyruvate dehydrogenase complex E1 
component  alpha subunit 
COG1071C Energy production and conversion 
SACOL1984 aldA2 Aldehyde dehydrogenase COG1012C Energy production and conversion 
SACOL1569 nusB Transcription antitermination protein nusb COG0781K Transcription 
SACOL0357 dut 
Prophage L54a  deoxyuridine 5'-
triphosphate nucleotidohydrolase 
COG0756F Nucleotide transport and metabolism 
SACOL0187 - RGD-containing lipoprotein COG0747E Amino acid transport and metabolism 
SACOL1420 - 
Phosphate transport system protein phou  
putative 
COG0704P Inorganic ion transport and metabolism 
SACOL2549 - Esterase  putative COG0657I Lipid metabolism 
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ID Gene name Product COG Functional group 
SACOL2010 - 
Iron compound ABC transporter  iron 
compound-binding protein 
COG0614P Inorganic ion transport and metabolism 
SACOL2277 - 
Iron compound ABC transporter  iron 
compound-binding protein 
COG0614P Inorganic ion transport and metabolism 
SACOL1753 - Universal stress protein family COG0589T Signal transduction mechanisms 
SACOL2357 - ABC transporter  permease protein COG0577V Defence mechanisms 
SACOL0823 uvrB Excinuclease ABC subunit B COG0556L DNA replication, recombination and repair 
SACOL1516 rpsA Ribosomal protein S1 COG0539J Translation, ribosomal structure and biogenesis 
SACOL1935 - Hypothetical protein COG0535R General function prediction only 
SACOL1315 hexA DNA mismatch repair protein COG0249L DNA replication, recombination and repair 
SACOL2550 - Hypothetical protein COG0526OC Energy production and conversion 
SACOL1217 pyrE Orotate phosphoribosyltransferase COG0461F Nucleotide transport and metabolism 
SACOL1137 rpmF 50S ribosomal protein L32 COG0333J Translation, ribosomal structure and biogenesis 
SACOL0586 rplL 50S ribosomal protein L7/L12 COG0222J Translation, ribosomal structure and biogenesis 
SACOL2213 rpoA 
DNA-directed RNA polymerase alpha 
subunit 
COG0202K Transcription 
SACOL1229 sun Sun protein COG0144J Translation, ribosomal structure and biogenesis 
SACOL1566 ispA Geranyltranstransferase COG0142H Coenzyme metabolism 
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ID Gene name Product COG Functional group 
SACOL0018 purA Adenylosuccinate synthetase COG0104F Nucleotide transport and metabolism 
SACOL2215 rpsM 30S ribosomal protein S13 COG0099J Translation, ribosomal structure and biogenesis 
SACOL1792 - Hypothetical protein COG0073R General function prediction only 
SACOL2442 - Na+/H+ antiporter  putative COG0025P Inorganic ion transport and metabolism 
SACOL0300 - Hypothetical protein Unknown Unknown 
SACOL0500 - Hypothetical protein Unknown Unknown 
SACOL0649 - Hypothetical protein Unknown Unknown 
SACOL0803 - Lipoprotein  putative Unknown Unknown 
SACOL1980 - Hypothetical protein Unknown Unknown 
SACOL2672 - 
Accessory secretory protein Asp3  
putative 
Unknown Unknown 
SACOL2690 icaD Intercellular adhesion protein D Unknown Unknown 
SACOL0788 - 





Figure 15.  Positive selection acts upon genes distributed throughout the S. 
aureus chromosome.  Genome sequence of S. aureus strain COL displaying 
coding sequences, tRNA and rRNA (blue, burgundy and purple arrows, 
respectively) and duplicates of genes under positive selection (red arrows).  Inner 
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Figure 16.  Functional categories ‘inorganic ion/nucleotide transport’, ‘DNA 
replication/recombination/repair’, and ‘transcription and energy 
production/conversion’ may be enriched with genes under positive selection 
in the S. aureus genome.  COG functional categories are shown on the X axis and 
proprotion of genes in each category on the Y axis.  Dark blue bars indicate 
proportion of genes in entire S. aureus COL genome that belong to given functional 
category; light blue bars indicate proportion of total number of genes under 
selection that belong to given functional category. 
 
* p<0.1; COG category significantly enriched in positively selected genes. 
* * * 
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5.4.3.  Membrane transporters, gene regulators and DNA 
replication, recombination and repair proteins may be important 
for adaptation of S. aureus to diverse environments 
In order to detect enrichment of particular functional categories with genes under 
positive selection, the proportion of genes in each category was compared between (i) all 
S. aureus genes, and (ii) genes under selection (Fig. 16).  Genes under positive selection 
are slightly significantly more likely to encode proteins involved in DNA replication, 
recombination and repair, inorganic ion transport and metabolism, or transcription 
(χ
2
 test, p<0.1; Fig. 16).  However, it should be noted that a low probability such as this 
may also indicate that, although such proteins have probably been subject to selection, 
no particular category is under selection to a greater extent than any other. 
 
Membrane transporter genes under selection encode many predicted ABC transporter 
components such as ATP-binding proteins, permease proteins and compound-binding 
proteins (Tables 10-12), and characterised transporter constituents such as 
osmoprotectant transporter OpuD1, Heme ABC transporters IsdD/F and iron compound  
ABC transporter sirA (Tables 10-12). 
 
Proteins involved in transcriptional regulation are also under positive selection.  These 
include the staphylococcal accessory regulators SarS and SarX, the sucrose operon 
repressor ScrR, a sigma factor B regulator protein RsbU and several genes with a 
putative role in transcriptional regulation (Tables 10-12).  In addition, several genes 
under positive selection are sensory components of two component regulators 
(SACOL2646 and SACOL1739). 
 
Proteins important for DNA replication, recombination and repair are also under 
selection.  These include DNA mismatch repair protein HexA exonuclease SbcC 
involved with DNA repair, topoisomerase enzyme subunit ParC, and several others 
(Tables 10-12). 
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5.4.4.  Known virulence genes are subject to positive selection 
In order to determine the biological significance of genes under selection in terms of S. 
aureus pathogenicity, results were manually inspected to identify known virulence 
factors.  These include accessory secretory protein Asp3 (part of a pathway resulting in 
expression of sraP), lipoproteins, an intercellular adhesion protein involved in biofilm 
formation (IcaD), iron compound-binding protein SirA and β toxin, a toxin with 
sphingomyelinase activity (Tables 10-12). 
5.4.5.  Proteins under selection in host-specific lineages 
In order to ascertain whether positive selection is an important component of host 
adaptation by S. aureus, all genes under positive selection were analysed for evidence of 
selection acting upon a specific clonal lineage, indicated by elevated ω in one group 
only.   
 
Rates in human-associated and non-human animal-associated clonal lineages were 
compared.  In total, 9 proteins were found to be subject to positive selection in one or 
more strains associated with an animal host, including ED133 (ovine), RF122 (bovine), 
ED98 (avian) and DL190 (rabbit) but not with any strains of human origin.  Tests did 
not further differentiate between different animal host species as clonal lineages were 
only represented by single strains, restricting the power of the test to identify host-
specific positive selection.  Elevated ratios were identified in several characterised 
proteins including Staphylococcal accessory protein X (SarX), Glutamyl-tRNA 
reductase (hemA), UDP-N-acetylmuramate-L-alanine ligase (MurC) and an 
osmoprotectant transporter of the BCCT family (OpuD1) (Table 11).  Proteins with a 
general function assigned included a PTS system sorbitol-specific IIB component, a 
putative lipoprotein, a metallo-beta-lactamase family protein and a 2-hydroxyacid 
dehydrogenase (Table 11). 
A total of 67 genes displayed an elevated ratio in human associated lineages only, 
encoding proteins from multiple functional categories including DNA replication, 
recombination and repair, inorganic ion/nucleotide/amino acid transport and 
 133 
metabolism, translation and ribosomal structure and biogenesis, in addition to 9 
hypothetical proteins (Table 12).  Clonal lineages include major worldwide hospital 
associated clones CC5 and CC1, the CC30 and CC22 clones prevalent in UK hospitals, 
the CC8 clone responsible for a large proportion of community-acquired infections in 
the US, in addition to representatives of the CC7 (ST1159) and CC8 (ST72 and ST239) 
lineages isolated from healthy individuals.  Seven genes had orthologues in human-
associated lineages only, and must therefore be under selection in this group only. 
 
A total of 44 genes were under selection in all lineages, indicating that the encoded 
proteins are not involved in host-specific evolution but instead have undergone change 
in response to universal selective pressures, or to pressures that relate to niche variation 
not related to host type. 
5.5.  Discussion 
5.5.1.  Positive selection in S. aureus 
Evolution within the S. aureus species involves adaptation to a variety of ecological 
niches.  These include different host species with distinctly structured immune systems 
and variation in host molecules with which bacteria interact, and host tissues that 
represent unique barriers to pathogen invasion.  In addition, healthcare environments 
exert selective pressure for traits such as antimicrobial resistance, or altered transmission 
mechanisms via inert surfaces or healthcare workers.  Comparative analysis of 30 S. 
aureus isolates from humans and other animals, and from diverse phylogenetic lineages, 
reveals genome-wide positive selection that has led to modification of proteins from the 
majority of functional categories, leading to diversification of the proteome, metabolome 
and replication capacity that may be associated with adaptation of S. aureus to diverse 
environments.  These data imply that adaptation requires change to a broad range of 
cellular processes and biological traits. 
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Analysis of S. aureus genes under positive selection for enrichment in particular 
functional categories did not reveal very strong evidence that a particular category is 
under selection to a greater extent than any other.  Nonetheless, a large number of genes 
under selection encode proteins involved in transport of inorganic ions or nucleotides.  
Adaptation to different milieu that vary in nutritional availability may require changes in 
the uptake of solutes across the membrane.  For example, different lineages may 
specialise in infection of different host tissues, ranging from the human skin, blood or 
urogenital tract to the ruminant udder.  Furthermore, as S. aureus is a commensal of the 
anterior nares and skin but also an opportunistic invader of other tissues, there is 
temporal variation in nutrient availability (Horsburgh, 2008).  Such variation provides 
selective pressure for diversification of transporters involved in nutrient acquisition.   
 
Of note, several of the transfer proteins found to be under positive selective pressure are 
involved in iron sequestration.  Iron is a major determinant of bacterial survival 
(Ratledge & Dover, 2000) and is utilised by all bacterial pathogens due to its redox 
potential, important for an array of catalytic reactions (Miller & Britigan, 1997).  
Mammalian and avian iron is not freely available, instead being sequestered in 
complexes such as transferrins, ferritin, hemoglobin and other iron-containing proteins 
(Ratledge & Dover, 2000).  Furthermore, the host further reduces the amount of 
available iron on detection of an invading pathogen in a process called hypoferraemia 
(Horsburgh, 2008).  S. aureus has evolved several systems for releasing iron from the 
host environment (Fig. 17), a trait that enhances its success as a commensal and as a 
pathogen (Horsburgh, 2008). 
 
One such system utilises the Isd family of proteins to sequester iron from haem via a 
complex, multicomponent pathway.  Cell wall-anchored proteins carry haem (liberated 
from haemoglobin or haptoglobin) through the cell wall to a membrane associated  
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Figure 17.  Genes under positive selection are components of different Fur-
regulated mechanisms, employed by S. aureus for transport of iron into the 
cell.  Diagram depicts the four major mechanisms of Fur-dependent iron 
sequestration and transport.  Host iron sources include haem, haemoglobin, 
ferrous iron and iron sequestered via siderophore production.  Siderophore-iron 
mediated transport involves several separate transport systems.  Transport system 
in red are those where genes show evidence for positive selection (adapted from 
Horsburgh, 2008).  
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permease complex, which in turn transfers the complex to the cytoplasm where the 
tetrapole ring is cleaved to liberate iron (Skaar & Schneewind, 2004; Fig.  17).  The 
genes encoding IsdD and IsdF, components of the membrane associated complex, show 
evidence for positive selection. This suggests that modification of the Isd pathway, and 
in particular the mechanism used to transport haem across the membrane, has been 
important for S. aureus evolution, which may promote survival capacity or allow 
increased pathogenicity in a particular setting.  
 
A separate system involves production of siderophores, chelators of ferric iron that are 
secreted from the bacterium where they solubilise iron from a variety of sources 
(Ratledge & Dover, 2000).  This is transported back into the microbial cell via a specific 
uptake carrier system, where the iron can be released following its reduction to ferrous 
ion (Ratledge & Dover, 2000).  A number of separate systems exist for siderophore-
mediated transport, one being SirABC (Dale et al., 2004; Fig. 17), of which SirA was 
found to be under selection in the current study.  As SirA is the binding component 
(lipoprotein) of this transporter system (Dale et al., 2004) this may suggest that co- 
evolutionary adaptive change of the protein has occurred due to variation in iron 
compounds between different host environments. 
 
In addition, four genes encoding uncharacterised iron compound ABC transporter 
components are under selection, including three putative permease proteins 
(SACOL1144, SACOL2165 and SACOL0705) and an iron compound-binding protein 
(SACOL2277).  Taken together, these data indicate that acquisition of iron via a range 
of different mechanisms is an important process for S. aureus, and that adaptive 
evolution has involved change in multiple components of iron sequestration systems.  
This may be a response to variation in provision of iron-containing complexes in 
different niches or an adaptive strategy employed by the species in order to enhance 




In addition to the import of nutrients, ABC transporters in bacteria are responsible for 
active efflux of molecules (Davidson et al., 2008).  This can be important for 
transporting hydrophobic drugs from the cell or excreting lipids, peptides and proteins 
including toxins such as haemolysins (Davidson et al., 2008).  Thus, transporters may be 
adapting to the selective pressure of antibiotic presence within host tissues, or 
antimicrobial solutions utilised in the healthcare environment.  Alternatively, 
diversification in transporters may affect secretion of bacterial virulence factors, which 
may in turn facilitate invasion of different environments.  For example, selection may 
favour increased presence of exoproteins that inactivate host defensive molecules or of 
enzymes targeting host tissue components. 
 
A second functional category of proteins with a large number of genes subject to 
positive selection is transcription, suggesting that selective pressures have led to change 
in regulatory genes.  Change in regulators may affect expression of a wide range of 
genes, which can have a profound influence on the bacterium.  For example, SarS and 
SarX (both of which are under selection) interact with the major two-component signal 
transduction system agr (Cheung et al., 2001, Manna & Cheung, 2006) which is 
important for regulation of virulence factors (Yarwood & Schlievert, 2003).  SarS is 
known to activate synthesis of SpA (Cheung et al., 2001) and SarX is involved in 
expression of haemolysins (α toxin and β toxin) and proteases (a V8 protease, a zinc 
metalloprotease and a cysteine protease) (Manna & Cheung, 2006)  Thus, adaptation via 
change in these regulators may increase or decrease pathogenicity, for example by 
altering the stage within bacterial growth at which virulence genes are expressed.  
Similarly, MecRI, an inducer of methicillin resistance protein MecA (Hiramatsu et al., 
1992), shows evidence for positive selection suggesting adaptation to an environment in 
which antimicrobial therapeutics are routinely utilised. 
 
Regulation of genes involved in adaptation to different metabolic and nutritional 
requirements may also be affected.  S. aureus has the capacity to respond to a variety of 
changes in environment, including stressors such as increase in temperature or salt or an 
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alkaline pH (Horsburgh, 2008).  Many genes and systems are involved in this process 
but rsbU, encoding the sigma factor B regulator protein, is a key component of the 
rsbUrsbVrsbWsigB operon transcribed by σ
A
 (Kullik & Giachino, 1997, Senn et al., 
2005).  RsbU functions as a key stress reception molecule (Kullik & Giachino, 1997, 
Senn et al., 2005) and displays evidence for positive selection.  In addition, expression 
of genes involved in metabolic processes will be influenced by SarX and SarS via 
regulation of agr (Cheung et al., 2001, Dunman et al., 2001, Manna & Cheung, 2006).  
The finding that such genes are subject to positive selection suggests that change in 
regulators may be necessary for adaptation to the different metabolic requirements of 
different niches. 
 
A third functional category enriched with genes under positive selection is DNA 
replication, recombination and repair.  Modification of these proteins may alter traits 
such as replication or mutation rate.  Change in proteins such as the DNA mismatch 
repair protein HexA, whose homologues in other species are involved in hypermutation 
and recombination (Ginetti et al., 1996, Humbert et al., 1995, Mérino et al., 2002, 
Prudhomme et al., 1991), and topoisomerase enzyme subunit ParC (also known as 
GrlA), in which SNPs have been associated with antibiotic resistance (Hooper, 2002), 
may be important in a hospital environment where there is strong pressure for rapid 
acquisition of antibiotic resistance.  An increase in mutation rate or in the number of 
generations in a given time period may increase the likelihood that mutations conferring 
resistance will arise, providing such clones with a selective advantage and a greater 
opportunity to disseminate.  Conversely, in some settings selection will favour bacteria 
with a relatively low mutation rate as this reduces the likelihood of accumulation of 
detrimental mutations.  Therefore, variation in selective pressures may lead to 
diversification in replication capacity across the species. 
 
Many pathogenic phenotypes in S. aureus are conferred by proteins from a variety of 
functional categories, such as ligand-binding surface proteins, secreted enzymes and 
proteins required for immune evasion (Arvidson, 2006, Bohach, 2006, Foster, 2005, 
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Foster & Hook, 1998), including many that are under positive selection.  For example, 
positive selection has led to diversification of the intercellular adhesion protein IcaD 
involved in biofilm formation (Gotz, 2002), Asp3, a component of a pathway which 
affects expression of the adhesin SraP (Siboo et al., 2008), and a putative cell wall 
surface anchor family protein.  Modification of such proteins may be important for 
colonisation of indwelling medical devices, which could enhance ability to cause 
nosocomial infections.  Such infections are a key concern to healthcare providers and a 
major economic burden on society (Emmerson et al., 1996, Jones, 2003).  Adherence to 
components of the host extracellular matrix is also important as it mediates colonisation 
of host tissue. 
 
The major staphylococcal virulence factor β toxin and a putative lyspohopholipase also 
display evidence for positive selection, suggesting that diversification of toxins confers a 
selective advantage.  This may relate to a change in pathogenic potential or to variation 
in target molecules in different host species.  Several lipoproteins, also thought to be 
involved in host-pathogen interaction and virulence, display evidence for positive 
selection.  Furthermore, as discussed previously, the SirA, IsdD and IsdF proteins are 
involved in pathogenicity via their involvement in iron sequestration, and regulators 
SarX, SarS and RsbU play an important role in regulation of virulence gene expression. 
 
These findings suggest that change in virulence factors may play a role in the evolution 
of S. aureus.  Modification of proteins involved in colonisation or in provocation of 
disease symptoms may represent enhancement of virulence in S. aureus, evolving as a 
response to the selective pressures of the hospital environment.  Bacteria may evolve 
greater virulence because more severe symptoms in the host lead to hospitalisation, 
providing bacteria with the opportunity to transmit to multiple immuno-compromised 
individuals via healthcare workers.  Such proteins may promote host production of 
infectious materials such as pus and infected blood (Massey et al., 2006).  In addition, it 
has been suggested that a complex transmission pathway is a key factor in explaining the 
evolution and maintenance of virulence in S. aureus, in contrast to a species such as S. 
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epidermidis in which transmission is a single step process (Massey et al., 2006).  This 
ecological characteristic may provide a selective pressure towards increasingly 
pathogenic traits, as increased virulence allows S. aureus to overcome a complex 
transmission pathway. 
 
Immune selection may play a crucial role in selecting for adaptive change in surface 
expressed proteins.  The ability of the host immune system to recognise invading 
pathogens exerts a selective pressure favouring bacteria with variation in their surface 
molecules, as these may not be recognised and will therefore out-compete other clones, 
initiating an arms race between host and pathogen (Woolhouse et al., 2002).  Host 
adaptation may be a part of this process as structure and physiology of the immune 
system varies between different host taxa, necessitating variation in bacterial proteins 
with which the immune system may interact.  In support of such a hypothesis, surface 
exposed proteins including putative lipoproteins and a putative cell wall surface anchor 
family protein were found to be under selection in the current study. 
 
Of note, a large number of genes identified in this study encode proteins with no 
predicted function (designated hypothetical proteins).  This finding suggests that many 
proteins that may be involved in virulence, niche adaptation or persistence in a particular 
environment are yet to be characterised.  Such proteins represent ideal targets for future 
study to identify novel virulence determinants, enhancing our understanding of S. aureus 
pathogencicity and providing candidate targets for the development of novel 
therapeutics. 
5.5.2.  Host adaptation 
In 9 genes, ratios were elevated in non-human animal-associated branches of the S. 
aureus phylogenetic tree, indicating positive selection acting on these strains only.  The 
diversity of encoded protein functional categories reflects that observed across the 
species, in that proteins are involved in carbohydrate and inorganic ion transport and 
metabolism, transcription, coenzyme metabolism, cell envelope biogenesis and energy 
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production and conversion.  This suggests that adaptation to a novel host type requires 
wide scale change to cellular processes and bacterial traits as opposed to, for example, 
change only in surface proteins that come into direct contact with the host and may thus 
be expected to be under immune selection.   
 
For example, SACOL0230 encodes a PTS system sorbitol-specific IIB component, part 
of a major carbohydrate transport system in several species of bacteria (Postma et al., 
1993).  It is likely that the carbohydrate or sugar content within the lumen of the bovine 
or ovine udder varies markedly from that of the human nasopharynx.  Following a host 
switch, such a difference may strongly select for bacteria with altered metabolic activity 
that allows them to capitalise on differences in carbohydrate provision.  Positive 
selection was also observed in OpuD1, a transporter of the b etaine-choline-carnitine 
(BCCT) family involved in osmoregulation in several species (Yang et al., 2010, Kappes 
et al., 1996, Lucht & Bremer, 1994).  For example, the opuD1 gene is up-regulated at 
high salt conditions in the moderately halophilic bacterium Vibrio parahaemolyticus, 
which is thought to lead to uptake and accumulation of solutes that provide 
osmoprotection (Yang et al., 2010). This protein may be important for survival on the 
skin or mucosal membranes, which likely differ in salt content between host species. 
 
Of note, the animal associated strains included in this analysis represent bovine and 
ovine lineages (ST151 and ST133, respectively) with a long-term animal association 
(Guinane et al., 2010, Smyth et al., 2009) in addition to avian and rabbit isolates (of ST5 
and ST121 lineages, respectively), both of which are predicted to be the result of a 
recent human-to-animal host jump (Smyth et al., 2009, this study).  However, it is likely 
that the genes identified in this study represent those involved in long term host 
adaptation by ovine and bovine associated lineages.  Positive selection leading to 
fixation of beneficial mutations is a relatively long term mechanism of genome 
evolution compared to HGT and gene loss that characterise avian adaptation by strains 
of the ST5 lineage.  Thus, it is unlikely that sufficient time has elapsed since occurrence 
of human-to-avian/rabbit host jumps that ω has reached biological significance. 
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In 67 genes, non-synonymous mutations were more prevalent in human associated 
lineages than those of animal origin.  This may indicate positive selection acting upon 
these genes in response to selective pressures unique to the human host niche.  This may 
include invasion of human tissue which requires modification of extracellular enzymes, 
or interaction with the human immune system which may select for variation in surface 
proteins and those involved in immune evasion.  Presumably, modification of these 
genes is not essential for niche adaptation in animal associated lineages.  It is possible 
that the encoded proteins are not important in an animal host and thus are not involved 
in the adaptive process, consistent with the observation in this study that avian host 
adaptation involves the loss of function of putative human-specific proteins.  
Alternatively, it is possible that they represent the bias towards inclusion of human 
associated strains in the genome data set.     
5.5.3.  Future directions 
Genome-wide scrutiny of the S. aureus genome for the molecular signature of positive 
selection reveals an array of genes which may be associated with adaptation by S. aureus 
to diverse environments.  Structural modelling of encoded proteins, including location of 
residues under positive selection, may shed light on the molecular interaction between 
host and pathogen and the biological importance of particular protein domains or 
regions.  Furthermore, functional characterisation and determination of the role of these 
genes, and the mutations that have arisen, is required in order to identify phenotypic 
changes that have been important for the evolution of S. aureus.  Analysis of the 
complete genome including core, core-variable and accessory portions should also be 
considered in order that the full impact of positive selection upon genome evolution is 
realised.  
 
Further scrutiny of different lineages would also provide great insight into the evolution 
of the species.  Lineages that have a long term animal association but are unrelated to 
CC151, such as CC97 (which is primarily associated with a bovine host), were not 
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included in this study but could further clarify the host adaptive significance of the nine 
proteins identified in this study.  In addition, inclusion of strains of the ST398 lineage 
would be of broad interest, as transmission of MRSA isolates in this lineage between 
pigs and humans appears to be prevalent (van Belkum et al., 2008).  Analysis of a larger 
number of animal isolates may also provide sufficient power to identify additional 
important proteins.   
 
In addition, analysis of strains from human associated lineages currently under-
represented in S. aureus genome sequence dataset may yield important results.  Lineages 
that dominate strain collections from Africa and Asia are worthy of attention.   
Furthermore, prior epidemiological analysis may reveal unique selection pressures, 
enabling the development of novel hypotheses regarding niche adaptation. 
 
The proteins identified in this study represent promising candidates for further study, in 
order to investigate the biological basis for host adaptation and host-specific 
pathogenicity by S. aureus.  In addition to improving our understanding of pathogen 
evolution and host specificity, identification of proteins involved in the adaptive process 
may provide targets for therapeutics.  S. aureus infection of livestock species represents 
a major welfare issue and economic burden on the farming industry, and novel targeted 





6.  General Discussion 
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An understanding of pathogen ecology and evolution is required to reveal the molecular 
basis of infectious disease, and insights into host-pathogen dynamics and niche 
adaptation can prove valuable in the development of novel therapeutics and effective 
infection control strategies.  In the past, knowledge of the biomedical basis of infection 
has prompted the development of antimicrobial agents, but recent years have seen a 
dramatic escalation in resistant microbes, demanding the urgent development of 
alternative approaches (Lebarbenchon et al., 2008).  An ultimate goal is to develop the 
ability to predict the conditions that cause parasites to evolve in a particular direction or 
to become more or less pathogenic (Lebarbenchon et al., 2008), particularly if such 
conditions are anthropogenic.  Human activities ranging from habitat and climate change 
to medical practice can have wide-ranging effects on microbial evolution, though their 
impact is often not appreciated.  In addition, characterisation of the molecular 
mechanisms involved in this adaptive process and identification of essential genes and 
proteins are required to provide targets for novel therapeutics. 
 
The current work reveals that the majority of S. aureus poultry isolates from farms in 6 
countries on 4 continents belong to a sub-lineage of a major human associated clonal 
lineage, CC5.  A single human-to-poultry host jump was followed by worldwide 
dissemination, presumably due to widespread transportation of live birds by the global 
poultry industry (Fig. 18).  These data represent the first clearly defined example of a 
bacterial pathogen switching from a human to an animal host, within modern human 
history.  A host jump from early humans to felines by Helicobacter occurred around 
200,000 (range 50,000-400,000) years ago, and was followed by host adaptation leading 
to speciation (Eppinger et al., 2006).  It has been suggested that the jump occurred when 
a large feline ate a human infected with H. pylori, which led to colonisation of the 
animal by this human pathogen (Eppinger et al., 2006).  The diverged species H. 
acinonychis is now specific to large felines, and its genome displays evidence of host 
adaptation (Eppinger et al., 2006).  This event is a notable episode in the evolutionary 

















 Multi locus sequence typing 
 57 isolates from broiler chickens and 
other reared and wild birds 
• Majority of poultry 
isolates CC5 lineage 
• CC5 widespread and 








 • Unrelated CC385 lineage 
• Putative long term avian association 
 48 isolates from broiler chickens 
in 6 countries on 4 continents 
















 Whole genome sequencing of 
CC5 poultry and human isolates 
 Loss of function of proteins 
associated with human 
disease pathogenesis 
 CC5 poultry clade wide geographic 
distribution 
 Ancestral human CC5 geographic 
restriction 
 Consistent with transmission via global 
poultry distribution network 
 Acquisition of Mobile Genetic 
Elements from avian-specific 
accessory gene pool 
 147 
Figure 18.  Population genomic analysis indicates human-to-poultry host 
jump, widespread geographical dissemination and avian host-specific 
adaptation by S. aureus.  Flow chart describes results of three stages of 
analysis performed in this study.
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divergence in a bacterial pathogen, and is somewhat analogous to the host jump event in 
the CC5 poultry clade. 
 
Much attention is paid to zoonotic pathogens and the emergence of animal-associated 
microbes in humans.  However, the data presented here indicate that anthroponotic 
transfer may also be common.  Of note, in addition to the CC5 clade, poultry strains 
belonging to several other human-associated lineages also show evidence for acquisition 
of MGE from an avian-specific accessory gene pool, suggesting that this phenomenon 
may not be limited to the CC5 clade.  Anthroponotic transfer has important implications 
for the farming industry as human handlers may be a source of novel, emerging 
pathogens with the potential to become a major veterinary clinical problem.  In light of 
the findings presented here, it is clear that further phylogenetic scrutiny of livestock 
pathogens is required in order to identify evidence for host switch events.  It is advisable 
that regular screening and decontamination of flocks is implemented by the global 
poultry industry, and considered by other livestock industries. 
 
In addition, further consideration should be given to the potential impact of globalised 
agriculture, which has drastically altered ecosystem dynamics and the nature of host-
pathogen interaction for a large number of species.  The poultry industry is a prime 
example of this.  In the 21
st
 Century the breeding, rearing and the import and export of 
live broiler chickens is a major global industry.  However, prior to the 1920s, small-scale 
farmers reared chickens exclusively for their eggs, consuming chicken meat infrequently 
as a by-product.  In post World War II America there was a conscious drive to improve 
breeding, disease control, nutrition, housing and processing within the industry (Boyd & 
Watts, 1997).  Such improvements led to a rapid increase in production throughout the 
1950s and 60s, along with vertical integration of the different stages of production to 
form large, national companies (Manning & Baines, 2004).  Chicken production in the 
USA, as in many other developed countries, has grown steadily from the 1960s to the 
present day, rising from 2.6 million birds in 1961 to 22.3 million in 2006 
(http://faostat.fao.org). 
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Growth was also observed in affiliated fields such as primary breeding, equipment 
supply, research and technical support from the pharmaceutical and chemical industries 
(Boyd & Watts, 1997).  Breeding, in particular, has become a specialist field and a 
handful of multinational companies now supply a limited number of breeding lines to a 
global market.  Such extensive change over a relatively short time period has resulted in 
a complex, multinational industry with few geographical barriers for the broiler chickens 
and little opportunity for establishment of localised ecosystems.  Furthermore, intensive 
selective breeding of birds has resulted in a highly homogenous population, presumably 
reducing variation in immune response and susceptibility to infection by pathogens.  
 
This study indicates that intercontinental transport of poultry by air has played a role in 
dissemination of an emerging poultry pathogen.  Geographical distribution of the CC5 
poultry clade contrasts strongly with its human-associated CC5 ancestors, and with 
phylogeographic clustering observed in other S. aureus lineages such as ST239, in 
which geographical restriction predominates (Nubel et al., 2008, Harris et al., 2010).  
The implications of this finding are substantial, as it suggests that human activity can 
have a major influence on the transmission dynamics of a livestock pathogen, and also 
that pandemic spread of a single clade of S. aureus is possible given appropriate 
conditions. 
 
Globalisation and the rise of international air travel have also had a major impact on the 
spread of pathogens between humans.  For example, rapid dissemination of the Severe 
Acute Respiratory Syndrome (SARS) virus in 2002-2003 was due at least in part to air 
travel (Knobler et al., 2004).  Patients suffering from SARS were initially restricted to 
China until the coronavirus responsible was transmitted along major airline routes to 
Hong Kong, Singapore, Hanoi and Toronto (Knobler et al., 2004; Fig. 16).  As the 
SARS outbreak became a major concern for healthcare providers worldwide, “an 
unprecedented multifaceted, multilateral, and multidisciplinary response” was 
coordinated by the WHO (Knobler et al., 2004).  The response to the SARS pandemic 
involved daily contact between researchers, diagnostic laboratories, clinicians, public 
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health institutions, ministries of health and WHO Country Offices (Knobler et al., 2004).  
It is clear that such a large scale, coordinated response was critical to containing or at 
least minimising the pandemic, but such a contingency plan must be prepared in advance 
and be based upon sound scientific and clinical knowledge of the potential origin of an 
outbreak.  The study presented here has highlighted such a potential origin, and should 
be considered by policy makers.    
 
Of note, the only country among those sampled in which CC5 poultry strains were not 
identified was Australia.  The Department of Agriculture, Fisheries and Forestry 
Biosecurity (Australia) impose very tight import/export rules in an attempt to minimize 
the introduction of alien species to the Australian ecosystem, including import of 
livestock animals (http://www.daff.gov.au/).  Until relatively recently the import of 
poultry was banned entirely, and in the present day strict quarantine measures are 
imposed.  If the farming industry and/or international legislators are to minimise the 
occurrence of pathogen pandemics, such as that identified in this study, it is perhaps 
advisable that similar restrictions are imposed elsewhere, in conjunction with screening 
programmes to identify emerging pathogens. 
 
In addition to the ecological and epidemiological basis of a host switch, data presented 
here reveal a great deal about the underlying biology of host adaptation in S. aureus 
(Fig. 19).  
 
This study has revealed the key mechanisms of genome diversification associated with 
host adaptive evolution by S. aureus.  Loss of function of proteins implicated in human 
pathogenesis and acquisition of novel MGE from an avian-specific accessory gene pool 
have been observed in the CC5 clade.  Furthermore, genome scale analysis of 30 strains 
isolated from human and animal hosts reveals evidence for positive selection, associated 
in some instances with host specificity.  Taken together, these data suggest that host 
adaptation in S. aureus involves, over the short term, large scale genome change via 

















Figure 19.  Molecular mechanisms of genome evolution in S. aureus include 
HGT of advantageous MGE, positive selection, genome reduction and 
recombination.  Red text indicates areas considered in this study, black text 
indicates areas still to be investigated in relation to niche adaptation. 
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pseudogene formation.  Over the longer term, positive selection acting upon the genome 
can lead to variation in amino acids which may affect protein structure. 
 
The importance of HGT of MGE as a component of S. aureus evolution has been 
recognised in several studies (for review see Lindsay, 2008).  These frequently focus on 
the acquisition of antibiotic resistance determinants such as SCCmec and the vanA 
transposon (Chang et al., 2003, Katayama et al., 2000, Weigel et al., 2003), or on 
genome-wide evidence for HGT between lineages or species that shape the virulence 
and resistance profile of a given strain (An Diep et al., 2006, Baba et al., 2002, Gill et 
al., 2005, Holden et al., 2004).  This study has revealed the importance of acquisition of 
MGE from a host-specific accessory gene pool, maintained in strains of diverse 
evolutionary origin but sharing an avian host niche.  Though resistance and virulence 
determinants confer a major selective advantage for many S. aureus strains, this study 
also highlights the importance of MGE carrying genes with a putative role in 
metabolism, transport and interaction with variable host immune systems. 
 
Recent population genomic analysis of S. aureus ruminant isolates provided evidence 
that the CC133 clade also evolved as the result of a human-to-ruminant host jump 
approximately 115–1,204 years ago followed by adaptive genome diversification 
(Guinane et al., 2010).  Of note, the genome of strain ED133 contains a unique 
complement of MGEs, including two new SaPIs and three novel prophages not 
previously identified in sequenced S. aureus strains, which are widely distributed in 
CC133 isolates (Guinane et al., 2010).  Genes on these MGE encode proteins putatively 
important for ruminant host adaptation, including ovine-specific variants of TSST-1 and 
SEC (encoded by SaPIov1) which have previously been shown to vary in biological 
activity in comparison with the alleles produced by human or bovine strains (Lee et al., 
1992, Deringer et al., 1997).  Further, phenotypic analysis revealed that the presence of 
SaPIov2, which encodes a variant of von Willebrand binding protein (vWbp
Sov2
), 
confers the ability to coagulate ruminant plasma suggesting an important role in 
ruminant disease pathogenesis (Guinane et al., 2010).  Taken together, results of these 
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two studies suggest that acquisition of MGE is a major component of host adaptation of 
S. aureus. 
 
Gene loss is recognised as a feature of adaptation to a novel and/or restricted niche in a 
variety of species, ranging from strains of Helicobacter pylori and Salmonella enterica 
that have undergone a host switch (Eppinger et al., 2006, Thomson et al., 2008) to the 
intracellular pathogen Mycobacterium leprae in which extreme genome reduction is 
observed (Cole et al., 2001).  Previous analyses have considered the prevalence of 
pseudogene formation across the S. aureus species as a whole, comparing the proportion 
of the genome in which genes are no longer intact between different species (Lerat & 
Ochman, 2005, Liu et al., 2004).  However, this is the first report of such a process 
playing an important role in adaptation in S. aureus. 
 
Similarly, the importance of positive selection has been recognised in several species.  
These include uropathogenic lineages of E. coli, in which genes important for 
persistence and pathogenesis in the urinary tract environment were under selection 
(Chen et al., 2006a), and Campylobacter in which 92.5 % of the nonrecombinant core 
genome is under positive selection in at least one lineage (Lefebure & Stanhope, 2009).  
However, this study represents the first genome-wide analysis of positive selection 
across diverse lineages of S. aureus.  Data presented here indicate that small scale 
change to proteins throughout the core genome should be considered a significant source 
of adaptive variation in the species. 
 
In order to evaluate the adaptive significance of such genomic change, in vitro assays 
could be performed to establish phenotypic differences between different strains.  For 
example, variation in rate or manner of nutrient acquisition or immune response may be 
observed between CC5 poultry isolates and basal human associated strains, which can be 
attributed to a selective advantage for a given phenotype in infection of a particular host 
taxon.  In a related study we have discovered that poultry strain ED98 has enhanced 
resistance to killing by avian heterophils compared with the closely related human MR1 
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strain (Lowder et al., 2009).  By contrast, there was no significant difference between 
the strains in resistance to phagocytic killing by human neutrophils.  These data suggest 
that genetic differences identified between the ED98 genome and the human MR1 
genome contribute to avian host-specific innate immune avoidance and reflect avian host 
adaptation.   
 
It is likely that the avian-specific MGE identified here carry genes advantageous for 
colonisation or pathogenesis in an avian host.  In order to establish the functional 
significance of proteins encoded by genes on these MGE, appropriate in vitro assays 
should be performed with isogenic strains deficient in a given MGE, followed by 
complementation by a plasmid encoding specific genes.  In parallel, experimental 
infection of chickens with strains in which specific MGE have been deleted, in 
comparison to wild-type strains, may indicate attenuation in virulence or survival which 
would reflect a role for the MGE in host specific interaction.  In the case of single 
nucleotide changes due to positive selection, it would be of interest to assess the 
structural significance of these changes by protein modelling, crystallisation and 
functional analysis. 
 
In conclusion, this study provides a unique insight into host-adaptive evolution of 
S. aureus, and the impact of human activity on adaptation and dissemination of a major 
bacterial pathogen.  In light of the findings presented here, it is important that the 
agricultural industry consider the impact of anthroponotic transfer of pathogens and act 
accordingly.  Furthermore, the molecular genetic basis of host adaptation has been 
elucidated, providing a sound basis for future studies of pathogen evolution and the 
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